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General introduction 
 
The knowledge of the chemical composition in the headspace of a plant is of 
great importance in many fields like ecological biochemistry, phytochemistry, 
plant pathology, insect ecology, food and perfume chemistry (Bicchi et al., 
1988; Charron et al., 1995). Plants use volatiles to conquer restrictions that 
result from their stationary way of life (Piel et al., 1998). 
The publication of 2 papers in Nature concerning the release of specific volatiles 
after wounding of plant tissue by insect feeding (Paré and Tumlinson, 1997b) 
and after inoculation with tobacco mosaic virus (Shulaev et al., 1997), initiated 
the start of our research.  
The main objective of our work was to analyze the volatiles released from 
plants. In order to analyze these volatiles, a sampling unit was developed in 
which unstressed in vitro plants could grow and which was at the same time 
convenient for headspace sampling of volatiles. We started with unstressed 
shoots and later the in vitro plants were stressed. An overview of the different 
biotic and abiotic stress factors, the biosynthesis of volatile organic compounds 
in plants and the volatiles produced by undamaged and stressed plants, are 
described in Chapter 1.  
Many studies were performed concerning the volatiles released by plants but the 
analytical aspects are often not evaluated properly although reliable analytical 
techniques are necessary for accurate headspace sampling of volatiles. Therefore 
this work was performed in collaboration with the department of organic 
chemistry (Krijgslaan 281/S4, Gent). The analytical aspects for sampling of 
living organisms resulted in a separate PhD by Vercammen (2002).  
The analytical techniques used during this work were static sampling with solid 
phase microextraction (SPME) (explained in detail in 2.3.), and automated static 
and dynamic sampling developed at the above mentioned department.  
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In Chapter 3 the problems concerning the development of sampling units for 
reliable analysis of volatiles in the headspace of in vitro plants are discussed. It 
took us 2 years to develop an appropriate sampling unit in which all released 
compounds could be detected.  
Once the sampling unit was constructed experiments started with tomato plants. 
The whole volatile spectrum of the headspace is described for unstressed tomato 
plants in vitro (Chapter 4.). Afterwards, the plants were artificially stressed 
(Chapter 5.) and different stress related compounds were supplied (Chapter 6.). 
Also insects were supplied to the plants to follow the induction of compounds 
after their attack (Chapter 7.). 
Finally the developed sampling unit was also evaluated for another plant 
species, namely poplar plants (Chapter 8).  
Chapter 1. Literature 
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Chapter 1. Literature 
1.1. Volatiles: introduction and terminology 
Volatile organic compounds (VOCs) are organic chemicals that have a high 
vapor pressure (> 0.1 hPa) and which easily form vapors at normal temperature 
(25°C) and pressure (103 hPa). VOCs include hydrocarbons, oxygenated 
hydrocarbons and organic compounds containing nitrogen or sulfur. 
Volatile plant compounds have been identified for the last three decades. The 
compounds can be classified as alcohols, aldehydes, aromatics, esters, ketones, 
pyrazines, terpenes and terpenoids. Terpenoids are oxygenated compounds 
derived from isoprene units and terpenes are the pure hydrocarbons (Charron et 
al., 1995).  
Semiochemicals are chemicals that influence behavior or initiate physiological 
processes in plants or animals, but by acting only as signals and having no direct 
physiological effect beyond interaction with sensory or other forms of detection 
systems (Hick et al., 1999).  
Different groups of semiochemicals are reported. Volatiles released from plants 
under attack can benefit both the plant, by attracting natural enemies of the 
herbivores that feed on its foliage, and the parasitoid, by indicating the presence 
of a potential host on the plant. These volatiles are called synomones. 
Allomones
 are volatiles beneficial to its producer and detrimental to its recipient 
(Berenbaum, 1995). Kairomones are the reverse of allomones (Metcalf, 1987). 
Pheromones
 exclusively mediate intra-specific communication among insects 
and apneumones are released from non-living sources (Hick et al., 1999). 
Another group of volatiles are plant semiochemicals that mediate plant-plant 
communication (1.3.10.). 
A list of the specific terminology used in this work can be found at the end 
(Terminology). 
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1.2. Analysis of plant volatiles 
The volatile profile obtained from plants is influenced by the analytical methods 
used to characterize them. A number of different methods, used in the analysis 
of plant volatiles, have been described in literature. These methods may be 
divided into two separate groups according to the physiological state of the plant 
tissue during the sample preparation step. The first group consists of the 
methods employed to analyze the volatiles released from intact tissues, with the 
cell membranes intact. The second group involves the methods applied to 
analyze the volatiles emitted by disrupted cells, which means the composition of 
the volatiles contained in the plant tissue is of interest (Vercammen, 2002).  
The number of techniques available to analyze the volatiles released by an intact 
plant is rather limited. In 1980 no technique was available to cover the whole 
chemical emission pattern of a plant (Andersson et al., 1980). In fact, only by 
sampling the vapor phase or headspace surrounding the sample these analyses 
can be carried out successfully. Headspace sampling may be further subdivided 
into ex situ and in situ headspace analysis. The ex situ method is carried out on 
plant material which had been detached from the original plant before analysis. 
Unfortunately, the practical applicability of ex situ sampling is rather limited. 
This is due to the effect the removal has on the emissions of the plant part. Since 
it is simply impossible to distinguish the actual plant emissions from wound-
induced emissions, ex situ sampling is useless in research where stress volatiles 
have to be identified or where reliable conclusions with respect to plant behavior 
have to be drawn (Vercammen, 2002). 
More often, however, it is required that the plant is maintained alive and in its 
original state during the analysis. In this situation, the analysis needs to be 
carried out in situ. Apart from the condition of the sample, sampling is 
completely identical to the ex situ methods. However, in situ sampling is far less 
disturbing for the organism and is, therefore, from a physiological point the only 
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technique that is able to deliver reliable results. Due to the development of 
analytical methods the past years, volatiles produced by whole plants can be 
sampled in the headspace. These samples can be analyzed directly or 
concentrated using (ad)sorbent or cold traps. The use of solvents for removal of 
trapped compounds had more disadvantages when compared to thermal 
desorption (Ruther and Hilker, 1998). 
The second group of isolation methods for plant volatiles involves more 
invasive sample preparation techniques. The most common methods to analyze 
the volatiles released from disrupted cell material consists of solvent extraction, 
steam distillation and supercritical fluid extraction. Next to these direct 
extraction techniques also headspace trapping can be used (Vercammen, 2002). 
Nilsson et al. (1996) compared the solid phase microextraction (SPME) 
technique with the traditional method using adsorption onto Tenax. SPME 
seemed very suitable for analysis of terpenes, but less suitable for the extraction 
of very volatile compounds like acetone. Also Agelopoulos and Pickett (1998) 
preferred SPME above sampling with a syringe or porous polymers like Tenax 
or Porapack.  
Tenax was compared with polydimethylsiloxane (PDMS) as adsorbent and 
sorbent, respectively. Tenax was characterized as having some important 
disadvantages like material-related contamination, interference with analysis of 
plant volatiles and a lower yield of higher molecular weight compounds 
(Vercammen et al., 2000). 
Differences detected between volatiles from intact plants and from macerated 
plants underline the importance of considering experimental methods when 
evaluating plant volatiles. Several investigators have reported that “rough 
handling” of plant material during volatile collections increases volatile 
emissions (Charron et al., 1995). 
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1.3. Volatiles produced by plants 
1.3.1. General 
Volatile chemicals are the language of plants. Through the smell of fresh 
blossoms, good coffee or a fine wine, their message to humans can be attractive. 
But plants do not expend valuable energy making these chemicals simply to 
please humans; most volatiles have more serious functions (Ryan, 2001). 
Isoprenoid derivatives are one of the largest groups of natural products; more 
than 30000 naturally occurring terpenes and terpenoids have been reported and 
their number is growing steadily (Eisenreich et al., 1998). The clean smell of 
pine (α-pinene and β-pinene), the freshness of lemon scent (limonene) and the 
soothing smell of eucalyptus (cineole) are all caused by monoterpenes and are 
familiar examples of hydrocarbon emissions from plants (Sharkey, 1996). Also 
in this work, the major emitted compounds are isoprenoid derivatives. The 
chemical structure of the most mentioned VOCs in this work are listed in 
addendum I. 
1.3.2. Sources and release of volatiles from plants 
Plants emit volatiles from all tissues, although certain volatiles are evolved only 
from particular anatomical structures. Most volatile compounds are not emitted 
by all plant parts. Volatile emission rates are influenced by the resistance within 
the diffusive pathway from biosynthetic sites to the atmosphere. The physical 
path probably involves diffusion through cells, intercellular air spaces and 
passage through the stomata (Charron et al., 1995).  
The secretion and subsequent volatilization of essential oils, which consists 
largely of terpene hydrocarbons, is generally associated with specialized 
secretory structures such as glandular trichomes of leaves and stems, 
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osmophores of flowers or oil ducts and oil cells of leaves and fruits (Charron et 
al., 1995; Metcalf, 1987).  
Glandular trichomes are highly specialized glandular secretory cells found in the 
Labiatae, Solanaceae, Asteraceae (formerly Compositae) and Geraniaceae. 
These cells secrete and accumulate a large variety of terpene oils and other 
essential oils that are generally involved as allomones in the antimicrobial, 
antifungal and antiherbivoral protection of plants. The trichomes have a diverse 
morphology and take the form of pointed, hooked and lobed hollow hairs 
containing a high concentration of protective allomones (Metcalf, 1987). The 
secretory cells of glandular trichomes probably serve as terpene biosynthetic 
sites (Charron et al., 1995).  
Leakage of plant odorants from oil glands and other storage sites is important in 
the release of insect kairomones. Chemicals can be leaked from plants in five 
major ways (Metcalf, 1987):  
♣ diffusion through aerial and subterranean surfaces; 
♣ by leaching through dew and rainwater; 
♣ by exudation; 
♣ by plant damage; 
♣ by decay of plant material. 
1.3.3. Stress in plants 
Biotic and abiotic stress factors can induce the production and emission of plant 
volatiles. Biotic stress factors are pathogens and herbivores; abiotic stress 
factors can be abnormal temperatures, drought, light, mechanical wounding and 
ozone exposure. All these factors are briefly described in 1.3.4. Plants produce 
different stress signals, like ethylene (Abeles et al., 1992; Charron et al., 1995; 
Matthijs et al., 1995; Lund et al., 1998), isoprene (Loreto and Sharkey, 1993), 
jasmonic acid, methyl jasmonate, green leaf volatiles and different terpenes and 
terpenoids (1.3.6. – 1.3.11.). 
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1.3.4. Factors influencing volatile emissions from plants 
1.3.4.1. Cultivar 
Quantities of volatile emissions can vary by plant cultivar. Quantities of the fruit 
volatiles differed significantly among tomato (Charron et al., 1995) and 
strawberry (Forney et al., 2000) cultivars. 
1.3.4.2. Morphology 
Different volatile terpene profiles were detected between glanded and glandless 
cotton plants. The glands are known to produce terpenoid aldehydes and 
quinones that are absent from glandless cotton plants (Elzen et al., 1985). 
1.3.4.3. Maturity of fruit 
Tomato fruit volatiles increased with fruit maturity, reaching a maximum in the 
turning, pink and red ripening stages (Baldwin et al., 1991; Buttery et al., 
1987b). The volatile production changed also for apple fruits (Fellman et al., 
2000) and for peaches and nectarines (Visai and Vanoli, 1997) with the 
advancement of maturity. 
1.3.4.4. Light 
The influence of light on terpene emission rates has been an active research area. 
Light affects monoterpene emission by supplying biosynthetic energy, 
influencing morphology and photoregulating monoterpene synthesis. Although 
light directly affects the synthesis of terpenes, its effect on terpene evolution 
seems to vary by species (Charron et al., 1995).  
1.3.4.5. Temperature 
There are three primary sources of thermally induced volatiles: (1) volatilization 
of endogenous pools of compounds found in the plant; (2) volatile compounds 
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synthesized directly in response to high temperatures and (3) compounds 
requiring enzymatic and thermal compounds for their synthesis (Kays and 
Wang, 2000). Monoterpene emissions increase with temperature for terpene-
storing tree species (Llusià and Peñuelas, 1999; Peñuelas and Llusià, 1999) and 
the increase is related exponentially to temperature (Charron et al., 1995). 
1.3.4.6. Mechanical and insect stress 
See 1.3.7. and 1.3.8. 
1.3.4.7. Ozone stress 
Ozone exposure of tobacco plants induced the emission of methylsalicylate, 
sesquiterpenes and volatile products of the lipoxygenase pathway in large 
quantities. Exposure of pine trees induced a higher emission of monoterpenes 
(Heiden et al., 1999). The emission of VOCs is correlated to the ozone 
concentration and for tomato plants larger VOC emissions were detected with 
high ozone concentrations but this response is species-specific (Peñuelas et al., 
1999). Colorado potato beetles attraction is enhanced by exposure of potato 
plants to damaging levels of ozone (Schutz et al., 1995). 
1.3.4.8. Jasmonic acid and methyljasmonate 
See 1.3.11. 
1.3.4.9. Drought stress 
Terpene-storing woody species (Pinus halepensis, Pistacia lenticscus, Cistus 
monspeliensis and C. albidus) were found to increase their terpene concentration 
and to decrease their terpene emission under drought conditions (Llusià and 
Peñuelas, 1998). 
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1.3.5. Biosynthesis of volatile organic compounds in plants 
1.3.5.1. Biosynthesis of terpenes 
The terpenes are classified by the number of 5-carbon (C5) isoprenoid units: 
hemiterpenes (1 unit, C5), monoterpenes (2 units, C10), sesquiterpenes (3 units, 
C15) and diterpenes (4 units, C20). 
Isoprene biosynthesis
 is linked with photosynthesis; its emission is blocked by 
the photosynthesis inhibitors diuron and by darkness. Despite this demonstrable 
link, there are other conditions in which isoprene emission and photosynthesis 
are not correlated (Sharkey, 1996). The biosynthetic pathway is not yet 
elucidated, but Sharkey (1996) proposed a pathway for isoprene. Isoprene 
synthase, probably located inside the chloroplast, converts dimethylallyl 
pyrophosphate (DMAPP) to isoprene (Figure 1.1.) (Delwiche and Sharkey, 
1993; Sharkey, 1996; Silver and Fall, 1991). Presumably DMAPP is made via 
the mevalonic acid pathway. This is in contrast with the proposal of Loreto et al. 
(1996) who suggested that isoprene comes predominantly from a chloroplastic 
source (mevalonate-independent) and in part (about 20%) from a slower 
cytosolic pool (mevalonate-dependent). 
The temperature-sensitivity of isoprene synthesis and the inducibility by high 
temperature and water stress support the hypothesis that thermal tolerance may 
be the primary explanation for why many plants emit isoprene (Sharkey and 
Singsaas, 1995). 
Isoprenoid biosynthesis
 in plants may be divided into four stages (Lange and 
Croteau, 1999) (Figure 1.1.). Stage 1 involves the synthesis of the C5 
intermediate isopentenyl diphosphate (IPP), the central building block of 
isoprenoids. In plants, two distinct pathways are used to produce IPP. The 
cytosolic compartment contains the enzymes of the acetate/mevalonate pathway. 
However, plastid-derived isoprenoids of plants (including carotenoids and the 
prenyl side chains of chlorophyll and plastoquinone, as well as monoterpenes 
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and diterpenes) are synthesized via the recently discovered 
pyruvate/glyceraldehyde-3-phosphate (GAP) pathway or the mevalonate-
independent pathway, which also operates in several eubacteria. Stage 2 begins 
with the isomerization of IPP to dimethylallyl diphosphate (DMAPP), which 
then serves as the reactive starter unit for sequential elongation reactions with 
one, two or three additional IPP units to form geranyl diphosphate (GPP, C10), 
farnesyl diphosphate (FPP, C15) or geranylgeranyl diphosphate (GGPP, C20), 
respectively. In stage 3 these prenyl diphosphates undergo a range of cyclization 
reactions to produce the parent skeletons of the different classes of 
monoterpenes from GPP, sesquiterpenes from FPP and diterpenes from GGPP. 
The cyclic parent compounds are then transformed in stage 4 by redox, 
isomerization and conjugation reactions to yield the various isoprenoid end-
products such as those typical of the essential oils (Lange and Croteau, 1999). 
The multiple enzymatic steps of stages 3 and 4 in Figure 1.1. were described by 
Bohlmann et al. (1998). Sesquiterpenes were synthesized in the cytoplasm and 
the mono- and diterpenes in the plastids (chloroplasts). The rather low 
importance of the mevalonate pathway for the biosynthesis of the monoterpenes 
was proved (Fowler et al., 1999; Piel et al., 1998). Piel et al. (1998) elucidated 
that the biosynthesis of the sesquiterpenes is lower but not negligible when the 
mevalonate pathway is blocked. The exchange of precursors (e.g. IPP) between 
the cytosol and the chloroplast allows a well-adjusted response of plants to 
stresses like herbivore- or pathogen infestation. The compartmental separation 
of the two terpenoid pathways is not absolute (Eisenreich et al., 1998). 
No volatile terpenes were found in tissues adjacent to the glands of cotton 
plants, so Elzen et al. (1985) strongly suggested that the volatile terpenes of 
cotton plants were produced and stored in the glands. Also Turner et al. (1999) 
suggest that monoterpene biosynthesis in peppermint is localized in the 
glandular trichomes. 
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Figure 1.1. Overview of isoprenoid biosynthesis in plants. The enzymes 
indicated are (1) 1-deoxy-D-xylulose-5-phosphate synthase; (2)  
1-deoxy-D-xylulose-5-phosphate reductoisomerase; (3) 3-hydroxy-
3-methylglutaryl coenzyme A reductase; (4) IPP isomerase; (5) FPP 
synthase; (6) GPP synthase; (7) GGPP synthase and (8) isoprene 
synthase. Dashed arrows indicate multiple enzymatic steps; the 
question mark indicates that the enzymes involved in these steps are 
presently unknown (after Bohlmann et al., 1998; Lange and 
Croteau, 1999; Lichtenthaler, 1999, 2000; Piel et al., 1998; 
Sharkey, 1996) 
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1.3.5.2. Biosynthesis of C6 compounds 
Volatile compounds derived from C6 aldehydes originate from green leaf tissue. 
The enzyme system producing C6 aldehydes was located in the chloroplast 
lamellae of the green leaves of about 40 plant samples (Charron et al., 1995). 
The biosynthetic pathway of the most common C6 volatiles is demonstrated in 
Figure 1.2. (Croft et al., 1993). Leaf alcohol, cis-3-hexenol, is made from 
linolenic acid, a fatty acid which is 18 carbons long with 3 double bonds (18:3). 
After wounding, linolenic acid is released rapidly from damaged membranes via 
lipase activity and then peroxidated at C13 via lipoxygenase activity  
(Figure 1.2.). This same reaction can occur in linoleic (18:2) acid and 
subsequent reactions then lead to hexanal and hexanol (no double bound). 
Hexanol formation from linoleic acid is much less common than hexenol (one 
double bond) formation from linolenic acid. Hexenal made from linolenic acid is 
converted to the alcohol via alcohol dehydrogenase to yield leaf alcohol. Often 
the alcohol becomes acetylated and the double bond can migrate to the  
2-position, changing the configuration from cis to trans in the process. Thus the 
second most common member of the family is 2-trans-hexenyl acetate (Sharkey, 
1996). 
1.3.5.3. Biosynthesis of other organic compounds 
Vick and Zimmerman (1984) described the biosynthesis of JA from linolenic 
acid except for the chemically unstable allene oxide, which was described by 
Mueller (1997) (Figure 1.3.). The first steps of the octadecanoid pathway take 
place in the chloroplast. These steps are lipid peroxidation, formation of the 
unstable allene oxide and cyclization to phytodienoic acid (PDA) (Gundlach and 
Zenk, 1998; Mueller, 1997). Next, PDA is exported into the cytosol and further 
degraded by β-oxidation in the cytosol-embedded peroxisomes (Koch et al., 
1999). It is suggested that the biosynthetic pathway for JA biosynthesis is active  
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in resting cells and that production of JA is regulated by the availability of the 
initial substrate linolenic acid (Dixon et al., 1994). Cis-jasmone is a 
lipoxygenase product (Paré and Tumlinson, 1998). 
 
 
Figure 1.2. Biosynthesis of C6 volatiles. Abbreviations: LOX = lipoxygenase; 
HLA = hydroperoxide lyase; IF = isomerization factor; ADH = 
alcohol dehydrogenase (Croft et al., 1993) 
 
Aromatic metabolites such as indole and methyl salicylate derive from shikimic 
acid (Paré and Tumlinson, 1998). The proposed pathway for salicylic acid (SA) 
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follows shikimic acid, phenylalanine, cinnamic acid, benzoic or o-coumaric acid 
to SA (Raskin, 1992).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Biosynthesis of jasmonic acid. Abbreviations: 13(S)-HPOT = 
13(S)-[18O]hydroperoxy9(Z),11(E),15(Z)-octadecatrienoic acid; 
12,13(S)-EOT = 12,13(S)-epoxy-9(Z),11(E),15(Z)-octadecatrienoic 
acid; 12-oxo-PDA = 12-oxo-10,15(Z)-phytodienoic acid; JA = 
jasmonic acid (Mueller, 1997; after Vick and Zimmerman, 1984) 
 
Chapter 1. Literature 
 19 
1.3.6. Volatiles produced by undamaged plants 
An undamaged plant maintains a baseline level of volatile metabolites that are 
released from the surface of the leaf and/or from accumulated storage sites in the 
leaf. These constitutive chemical reserves, which often include monoterpenes, 
sesquiterpenes and aromatics, accumulate to high levels in specialized glands or 
trichomes (Paré and Tumlinson, 1997a). 
Only very small amounts of volatiles were emitted by undamaged corn seedlings 
(Turlings et al., 1995), undamaged tobacco or maize plants (De Moraes et al., 
1998). Undamaged cotton plants emit small amounts of cis-3-hexenyl acetate,  
β-ocimene, 4,8-dimethyl-1,3,7-nonatriene (DMNT) (Röse et al., 1996), 4,8,12-
trimethyl-1,3,7,11-tridecatriene (TMTT) and α-pinene (Loughrin et al., 1994). 
The undamaged tomato volatiles are described in 1.3.9.1. 
1.3.7. Volatiles produced by mechanically wounded plants 
One of the first volatiles studied was ethylene: a volatile plant hormone which is 
generated under a variety of stressful conditions. Later increased levels of 
acetaldehyde, ethane, ethanol, other C6 volatiles and terpenes were detected 
from stressed plants (Charron et al., 1995). Green leaf odors, consisting of a 
blend of saturated and unsaturated C6 alcohols, aldehydes and esters, were 
produced by autolytic oxidative breakdown of membrane lipids and were 
released when leaves are mechanically damaged (Paré and Tumlinson, 1999). 
The C6 volatiles are responsible for the distinctive smell of newly cut grass. The 
rate of release following lawn mowing can be high but it only occurs for a short 
period. Therefore the total amount of green leaf volatiles released by plants is 
likely to be small relative to other biogenic hydrocarbons (Sharkey, 1996).  
Cis-3-hexenol and trans-2-hexenal have been shown to have antimicrobial 
activity (Croft et al., 1993). Plants where cis-3-hexenol is produced when a leaf 
is damaged (helping to prevent the invasion of pathogens) will have a 
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competitive advantage over plants unable to make cis-3-hexenol. The enzyme 
system that results in the production of volatile cis-3-hexenol serves a 
physiological function in the plant (Sharkey, 1996). 
1.3.8. Volatiles produced by plants after insect wounding 
1.3.8.1. General 
Plants respond to insect feeding damage by releasing a variety of volatiles from 
the damaged and the undamaged site, and the profile of the emitted volatiles is 
markedly different from those of undamaged or mechanically damaged plants 
(Paré and Tumlinson, 1999). 
Two types of compounds are released when a plant is under attack of insects. 
The constitutive compounds are identified by their almost immediate higher 
release after physical damage (caused by the feeding of the herbivores) at a rate 
correlated with the amount of damage, their relatively constant release over time 
and their rapid decline after feeding ceases (Paré and Tumlinson, 1997b; 1998). 
In contrast, the induced compounds show a delay between the time feeding 
starts and the release of volatiles. In addition, these induced compounds show a 
diurnal cycling of release which continues after herbivore feeding has ceased 
(Paré and Tumlinson, 1998). The importance of the diurnal cycle for the volatile 
emission of induced compounds was shown for corn (Turlings et al., 1995), and 
the peak emission times may vary somewhat for different plant species (Röse et 
al., 1996). A difference can be made between local induced compounds, which 
are induced at the site of damage and the systemic induced compounds, which 
are released from undamaged parts of a damaged plant several hours after the 
damage. 
Dicke et al. (1998) distinguished two types of plant response to herbivory in 
terms of induced volatiles:  
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• the plant responds to herbivory with the production of novel compounds 
that are major compounds which are not produced in response to mechanical 
damage; 
• the plant responds to herbivory with the production of the same 
compounds
 as when damaged mechanically, but in larger quantities and 
lasting longer. 
There are two types of defense of the plants when they are under attack. The 
direct defense
 which leads directly to the plant eater and the indirect defense 
which enlarges the efficiency of the enemies of the plant eaters after the 
principle of ‘the enemy of your enemy is your friend’ (Dicke, 1998). Since the 
plant no longer controls the signal once it has been released into the 
environment, the functional consequences for the plant of releasing volatiles are 
likely to be more unpredictable than they are for direct defenses (Baldwin and 
Preston, 1999). Tritrophic interactions involve plants, herbivores and parasitoids 
(or predators or pathogens). In response to insect damage, plants emit a blend of 
volatile compounds. These compounds attract insect parasitoids, which attack 
herbivorous insects. Because this reduced feeding on the plant, volatiles may be 
regarded as components of an indirect defense system in plants (Dicke, 1998; 
Stotz et al., 1999). 
Many of the chemicals used by plants for self defense have been called 
secondary plant metabolites, since they are products of specialized biosynthetic 
pathways. However, some macromolecules active in defense can also have 
primary roles in the plant, examples being proteinase inhibitors and lectins that 
act as storage proteins in seeds and structural complexes such as lignin and 
surface waxes (Ryan and Jagendorf, 1995). 
Information transfer in chemical ecology from the emitting plant to the 
perceiving insect can occur directly by contact chemoreception (taste) or by 
diffusion through air or water as a transport medium (odor). The volatile 
chemicals are detected selectively by the olfactory chemoreceptors of insect 
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antennas and they trigger behavioral responses as oviposition and host finding 
(Metcalf, 1987). Volatiles released by plants immediately after the beginning of 
feeding damage (“fresh damage”) did not differ from volatiles released by plants 
artificially damaged with a razor blade (Turlings et al., 1990). Early stages of 
plant damage were characterized by the release of lipoxygenase-derived volatile 
compounds or green leaf volatiles (cis-3-hexenal, cis-3-hexenol, cis-3-hexenyl 
acetate) and some plant-specific constitutive compounds (Buttery and Kamm, 
1980; Loughrin et al., 1994; Röse et al., 1996; Turlings et al., 1995). The 
constitutive compounds, as well as the green leaf volatiles, were released 
immediately when the plant was damaged. Then, after several hours or on the 
next day of herbivore damage (“old damage”), the plants started to release these 
compounds for at least 3 days if damage continued (Loughrin et al., 1994; 
Turlings et al., 1995).  
The recent discovery that plant volatiles can transmit herbivore-specific 
information that allows natural enemies to identify particular herbivore species 
demonstrated that chemically mediated plant-insect interactions are more 
sophisticated and complex than was previously appreciated. This was 
investigated with tobacco, cotton and maize plants under attack of Heliothis 
virescens
 and Helicoverpa zea (De Moraes et al., 1998). During the night 
tobacco plants emanated the same volatile compounds when they were under 
attack of three different herbivores in different experiments (De Moraes et al., 
2001). 
Herbivore-induction of DMNT and TMTT from Phaseolus lunatus and Zea 
mays
 could also be triggered by a β-glucosidase or jasmonic acid (Hick et al., 
1999). 
 
Table 1.1. gives an overview of the most studied plant-insect combinations with 
the induced volatiles. 
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References 
Turlings and Tumlinson 
(1992); Turlings et al. 
(1995) 
Paré and Tumlinson 
(1997b, 1998); Loughrin et  
al. (1994); Röse et al. 
(1996) 
Piel et al. (1998); 
Bouwmeester et al. (1999) 
Ramachandran et al. 
(1991) 
De Moraes et al. (1998; 
2001) 
see 1.3.9. 
Remarks 
predator: parasitic 
wasps (Cotesia 
marginiventris) 
  
predator: mites 
(Phytoseiulus 
persimilis) 
predator: parasitoid 
(Microplitis 
demolitor) 
difference day  
and night 
see 1.3.9. 
Induced volatiles 
linalool*, DMNT*, TMTT*,  
β-farnesene, indole*,  
α-trans-bergamotene 
β-ocimene*, linalool*, 
DMNT*, β-farnesene*,  
α-farnesene* 
β-ocimene, DMNT,... 
frass: 3-octanone,  
linalool, guaiacol 
linalool, cis-jasmone, 
α- humulene*,  
α-farnesene,  β-ocimene*,  
β-caryophyllene* 
see 1.3.9. 
Herbivore (Species) 
beet armyworm  
(Spodoptera exigua) 
beet armyworm  
(S. exigua) 
spider mites  
(Tetranychus 
urticae) 
soybean looper 
(Pseudoplusia 
includens) 
tobacco budworm 
(Heliothis virescens); 
maize earworm 
(Helicoverpa zea)  
beet armyworm  
(S. exigua) 
Table 1.1. Overview of the most studied plant-insect combinations: plant, herbivore, induced volatiles, remarks and 
                  references  
Plant 
corn 
cotton 
lima 
bean 
soybean 
tobacco 
tomato 
*
 also systemic induced volatiles 
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1.3.8.2. Volatiles produced by cotton and corn after insect wounding 
Loughrin et al. (1994) showed that linalool, β-farnesene, α-farnesene and other 
induced compounds collected from a cotton plant damaged by a beet armyworm, 
followed a diurnal rhythm with a peak emission in the afternoon (photophase), 
which coincided with the period when parasitic wasps were foraging for hosts. 
Cotton plants under attack synthesized several of the acyclic terpenes including 
β-ocimene, linalool, α-farnesene and β-farnesene, as well as the homoterpenes 
DMNT and TMTT. In contrast, many of the cyclic isoprenoid products, 
including the monoterpenes α-pinene and β-pinene, as well as the 
sesquiterpenes β-caryophyllene and α-humulene, were not synthesized more 
than constitutively present in the headspace (Paré and Tumlinson, 1997b). 
Corn seedlings, which were artificially damaged and treated with caterpillar 
regurgitant, showed an induction of emission of volatiles. The undamaged 
leaves of the injured corn plants released the terpenoids linalool, DMNT and 
TMTT. This showed that when a plant was injured by an insect herbivore the 
whole plant emitted chemical signals, even the parts that were not wounded 
(Turlings and Tumlinson, 1992). This was confirmed by Röse et al. (1996) for 
cotton plants which released 3-hexenyl acetate, linalool and DMNT after 24 h 
continuous feeding damage by beet armyworms. These systemic released 
volatiles were emitted from undamaged leaves of the damaged plant after the 
beet armyworms were removed from the cotton plant. Röse et al. (1996) 
suggested a difference between the induced compounds released from the 
damaged site itself and the induced compounds released systemically from 
undamaged leaves. No indole was found systemically compared to the induced 
compounds released from the damaged cotton leaves as described by Loughrin 
et al. (1994). The induction of a systemic release of volatiles in cotton after beet 
armyworm damage took 48 h (Röse et al., 1996) compared to the induction of a 
systemic release of volatiles in corn seedlings after the application of caterpillar 
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regurgitate to artificially damaged corn leaves which took only 5 to 6 h 
(Turlings and Tumlinson, 1992). Röse et al. (1996) suggested that the systemic 
response may only be induced by higher amounts or longer periods of damage, 
thus minimizing the cost of defense. 
The release of terpenoids by cotton differs from that found for corn (Turlings et 
al., 1990). Whereas cotton began to release several terpenoids as soon as 
damage occurred, corn appeared to have no free terpenoids available for 
immediate release (Loughrin et al., 1994). The green leaf volatiles were the only 
compounds emitted immediately after insect attack (Turlings et al., 1995). 
Terpenoids were released by corn plants only several hours after insect 
herbivore damage began (Loughrin et al., 1994; Turlings et al., 1995). This 
difference may be a reflection of two distinct strategies the plants use in their 
defense against herbivores (Loughrin et al., 1994). The terpenoids in cotton 
plants are stored in glands located in the leaves. The stored compounds may 
serve as toxins to directly discourage herbivores from feeding on the cotton 
leaves (Turlings et al., 1995). The cotton plants also emit several other 
terpenoids in a delayed response to caterpillar feeding (Loughrin et al., 1994). 
The release of indole and several terpenes was delayed, and was induced only by 
interaction of damaged plant tissues with a substance (or substances) in the oral 
secretions of insects (Loughrin et al., 1994). By the use of 13CO2 Paré and 
Tumlinson (1997b) confirmed that cotton plants damaged by feeding beet 
armyworms synthesize these induced volatile compounds de novo, as distinct 
from the conversion of some previously prepared precursor. This was the first 
demonstration of de novo synthesis of volatiles induced by insect damage to a 
plant, showing the dynamic role of plants in interactions with the second (insect 
herbivores) and third (parasitoids and predators) trophic levels. The lag between 
beet armyworm feeding damage to cotton leaves and the release of induced 
volatiles, was almost a day (Paré and Tumlinson, 1997b).  
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The herbivore-induced release of volatiles can be mimicked by applying oral 
secretions from the caterpillar (Mattiacci et al., 1995; Turlings et al., 1995), 
volicitin (Alborn et al., 1997) and jasmonic acid (Ozawa et al., 2000). 
Many plants respond to attack by sending out scented SOS signals that call help 
from other insects that prey on the pests (1.3.8.3.) or repel the pests (1.3.8.4.). 
1.3.8.3. Volatiles produced by plants as insect attractants 
Several tritrophic systems were investigated (De Moraes et al., 1998; Dicke et 
al., 1998; Mattiacci et al., 1995; Ozawa et al., 2000; Takabayashi et al., 1998; 
Turlings et al., 1995). In the tritrophic interactions consisting of maize plants, 
beet armyworms (Spodoptera exigua), and parasitic wasps (Cotesia 
marginiventris), a chemical that induces the production of beet armyworm-
induced volatiles in artificially damaged leaves was identified as N-(17-
hydroxylinolenoyl)-L-glutamine (volicitin) in the (saliva) oral secretion of the 
larvae (Alborn et al., 1997, 2000; Turlings et al., 2000). When volicitin was 
applied to damaged maize plants this compound gave systemic release of  
β-caryophyllene, α-trans-bergamotene, β-farnesene, nerolidol and TMTT 
(Alborn et al., 1997). Corn plants under beet armyworm attack supplied 
linolenic acid, which is required for growth and development of beet 
armyworms, and also provided the fatty acyl chain for the synthesis of volicitin, 
the modified elicitor of plant volatiles that is central to signaling between plants 
and natural enemies of the caterpillars that attack them. Volicitin provides a 
rapid, clear and reliable signal for initiation of synthesis and release of volatile 
compounds. Thus the plant and the herbivore are inexorably linked through a 
signaling molecule of dual origin and effect (Paré et al., 1998). 
Application of the enzyme β-glucosidase onto mechanically damaged cabbage 
leaves resulted in the emission of a blend of volatiles that is similar to that 
emitted by regurgatant-treated leaves and also in attraction of the parasitoid 
Cotesia glomerata, therefore β-glucosidase was identified as an elicitor of 
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herbivore-induced plant odor. β-Glucosidase was also present in the caterpillar 
regurgitant (Mattiacci et al., 1995). 
Volatiles produced are positive for the plants 
Plants that attract parasitoids and predators that respond to herbivore-induced 
plant volatiles will both experience selective advantage, which justifies the use 
of the term mutualism for the parasitoid-plant interaction of Arabidopsis 
thaliana
 with Cotesia rubecula (van Loon et al., 2000). 
It is common that parasitic wasps learn to respond to specific odors that are 
associated with their hosts. Their ability to learn should allow parasitoids to 
distinguish among odors of plants with different types of damage, thus enabling 
them to focus on plants damaged by potential hosts. Chemical responses evoked 
in plants by herbivorous hosts may therefore play an important role in host-
habitat location by parasitoids (Turlings et al., 1990, 1995; Turlings and 
Tumlinson, 1992). Since artificial damage alone does not elicit the release of 
significant amounts of induced compounds, those induced volatiles are a reliable 
indicator to the parasitoid and predator of a herbivore-damaged plant (Röse et 
al., 1996). If the induced volatiles are also reliable indicators of herbivore 
identity to the predator and parasitoid still has to be further studied (Dicke, 
1999). 
Turlings et al. (1995) described 3 aspects of the plant signals that seem most 
relevant to the discussion on whether or not herbivore-damaged plants actively 
lure natural enemies. The first aspect is that the signal should be clear enough to 
the insects therefore it can be perceived and distinguished from background 
noise. The second is that the signal has to be specific enough to reliably indicate 
the presence of a suitable host or prey. The last aspect is that the signal will have 
to be emitted during the period of time that the natural enemies forage. They 
conclude that plants have the ability to respond to herbivore attack by emitting 
blends of volatiles that are detected and exploited by parasitoids for host 
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location. The volatile blends are specific for plant species, emitted in relatively 
large amounts and easily distinguishable from background odors. The emission 
of the odors is timed well; odors are emitted within several hours after the 
herbivores start damaging the plants and they are mainly produced during 
daytime, when most parasitoids forage. 
Predators that have been reared on spider mites on cucumber and thus 
experienced a qualitatively different odor blend were not attracted to volatiles 
from caterpillar-infested bean plants, irrespective of starvation level (Shimoda 
and Dicke, 2000). 
Many herbivores have developed variable levels of resistance to plant-produced 
chemicals, making those chemicals less effective in direct defense. Attraction of 
the natural enemies of herbivores, however, may result in an additional 
advantage to the plants, thereby maintaining selection pressures that favor the 
production of these chemicals in the observed high quantities (Turlings et al., 
1990; Ryan and Jagendorf, 1995).  
Volatiles produced are negative for the plants 
The role of the odors attracting insects is not always positive for the plants. The 
alfalfa seed chalcid lays its eggs in the developing alfalfa seed and can destroy 
up to 85% of a seed crop. Studies of the insect have indicated that it is probably 
attracted to the alfalfa plant and stimulated to lay eggs by volatile odor 
compounds associated with the alfalfa plant. Knowledge of the volatile 
constituents associated with alfalfa may be useful in an integrated pest control 
program (Buttery and Kamm, 1980). 
1.3.8.4. Volatiles produced by plants as insect repellents 
Some compounds may serve as deterrents to herbivory. Some of the terpenoids 
emitted by corn and cotton (i.e. nerolidol and β-caryophyllene) have been shown 
to negatively affect the development of herbivores and can even kill them 
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(Turlings et al., 1995). Hoffland et al. (2000) reported that repellent volatiles 
released by trichomes of tomato leaves played a key role in affecting leaf 
selection by two-spotted spider mite females.   
At night, tobacco plants that are being attacked by caterpillars emit a specific 
blend of volatile chemicals. Nocturnal moths interpret these chemicals as a 
signal that they will not be welcome to lay their eggs there. But it isn’t just the 
plant that benefits from these nighttime emissions. As the plant is making nasty 
chemicals to ward off the caterpillars, and may be summoning help from 
predatory insects, it is advantageous for the moths to keep away (De Moraes et 
al., 2001). If the volatile compounds involved, and the genes needed to produce 
them, could be tracked down, it might then be possible to develop plants that, 
even when not under attack, emit blends of defensive volatiles at appropriate 
times of day and night. Even if the volatiles of tobacco were produced at very 
low levels, the plants might discourage moths from laying eggs at night while 
attracting predatory insects during the day, significantly minimizing the need for 
environmentally detrimental pesticides (Ryan, 2001). 
1.3.9. Volatiles produced by tomato plants 
In this overview we describe the volatiles produced by the vegetative plants 
themselves without focusing too much on the volatiles produced by fruits. In 
1980 no technique was available to cover the whole chemical emission pattern 
of a plant (Andersson et al., 1980); therefore the techniques used in this 
overview are different from the ones used in this work. The volatiles reported 
below are volatiles found inside the leaves of tomato plants. Samples were taken 
from the plant and adsorbed onto Tenax (Andersson et al., 1980; Buttery et al., 
1987a) or extracted by direct hexane extraction (Buttery et al., 1987a) and 
analyzed with a gas chromatograph (GC). The major compounds emitted by 
tomato plants are terpenes and terpenoids in both undamaged and damaged 
leaves (Buttery and Ling, 1993).  
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1.3.9.1. Undamaged tomato plants 
The volatiles in tomato leaves have been investigated by Andersson et al. (1980) 
who identified α-pinene, β-pinene, α-terpinolene, α-thujene, α-terpinene, 
limonene, β-phellandrene, p-cymene, γ-terpinene, δ-elemene, β-caryophyllene 
and α-humulene. This list was supplemented with 2-carene, β-myrcene,  
α-phellandrene, hexanal, cis-3-hexenal, trans-2-hexenal, hexanol, cis-3-hexenol, 
several oxygenated terpenes and some aromatic compounds (Buttery et al., 
1987a; Buttery and Ling, 1993; Ishida et al., 1993).  
1.3.9.2. Damaged tomato plants 
The concentrations of trans-2-hexenal, cis-3-hexenal and hexanal are relatively 
low (less than 1 ppmv each) in the intact (not wounded) leaves but if the leaves 
were crushed or otherwise damaged, the concentrations of these aldehydes 
increased dramatically (up to 270 ppmv trans-2-hexenal and 220 ppmv cis-3-
hexenal) (Buttery et al., 1987a; Buttery and Ling, 1993). In damaged leaves, 
Ishida et al. (1993) found concentrations of C6 volatiles of at least a 10 fold 
higher compared to undamaged leaves. The concentrations found inside the 
leaves were dependent on the methods used for their analysis (Buttery and Ling, 
1993). 
The terpenes with the highest concentrations inside the damaged leaves were  
β-phellandrene (1400 ppmv) and 2-carene (300 ppmv) and for the 
sesquiterpenes it were β-caryophyllene (40 ppmv) and α-humulene (30 ppmv) 
(Ishida et al., 1993). 
The C6 hydrocarbons [n-hexanal, n-hexanol, cis-3-hexenal, cis-3-hexenol,  
trans-2-hexenal and trans-2-hexenol] from cultivated and wild tomato 
demonstrated antifungal properties against Botrytis cinerea, Rhizoctonia solani, 
Fusarium oxysporum, Didymella lycopersici and Cladosporium fulvum (Charron 
et al., 1995). 
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Beet armyworm (Spodoptera exigua) is becoming an important lepidopteran 
tomato pest in California and Mexico. Eigenbrode and Trumble (1993) 
examined the role of glandular trichomes and their secretions in producing 
antibiosis in tomato varieties. The examined glabratum accessions secrete 
methylketones in their trichomes. These compounds are toxic to several 
arthropod pests, including S. exigua. In typicum, resistance to arthropods also is 
related to the secretions or densities of glandular trichomes. A correlation was 
suggested between the densities of trichomes and S. exigua survival but 
Eigenbrode and Trumble (1993) could not confirm any relationship. The 
intensity of antibiosis to S. exigua was similar in the typicum and glabratum 
accessions tested. The greater complexity of the leaf-surface exudates from 
typicum
 may indicate that resistance among these accessions is conditioned by 
multiple traits at the leaf surface. Incorporating this resistance into Lycopersicon 
esculentum
 may be problematic if it depends on many genes. Two 
sesquiterpenes, γ-elemene and zingiberene, were found in the trichome glands of 
3 S. exigua-resistant accessions which were not present in the trichomes of a 
susceptible L. esculentum but the toxic constituents of the trichome exudates 
remain unidentified (Eigenbrode et al., 1996).  
1.3.9.3. Typical tomato odor 
Tomato leaves are well-known to give off an intense tomato-like aroma when 
they are handled. The compounds that are the most important for this tomato 
leaf odor are most likely cis-3-hexenal, limonene, hexanal, trans-2-hexenal, 
eugenol, 1,8-cineole, β-caryophyllene, α-humulene and linalool (Buttery et al., 
1987a).  
Tomato fruit odor was studied by Baldwin et al. (1991, 1998, 2000). Riley and 
Thompson (1998) suggested that the odor and flavor of red tomatoes contributed 
by the C6 volatiles, resulted from processes that occur only following tissue 
disruption and are absent in intact fruits. 
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1.3.10. Plant-plant communication 
Röse et al. (1996) described in an experiment with cotton plants under beet 
armyworm attack, that the control plants emitted higher amounts of linalool, 
DMNT and TMTT on the second day after the beet armyworms were removed 
from the attacked plant. The control plants and the damaged plants shared the 
same air space in close vicinity. A plant-plant communication has been reported 
for cotton plants (Bruin and Sabelis, 1989), for tobacco plants (Preston et al., 
1999; Shulaev et al., 1997) and for trees (Baldwin and Schultz, 1983). For 
tomato plants interplant communication will be explained in 1.3.11 (Farmer and 
Ryan, 1990). Airborne volatiles, especially methyl jasmonate and methyl 
salicylate, corresponding to nonvolatile endogenous hormones such as jasmonic 
acid and salicylic acid, may function as signals for neighboring uninfested plant 
by activating defense-related genes (Farmer and Ryan, 1990; Shulaev et al., 
1997). 
The observations concerning plants making nasty chemicals to ward off 
caterpillars (De Moraes et al., 2001) raise questions about the full extent of the 
volatile language used by plants to communicate with each other and with 
insects, and the possible relevance of these interactions to ecology and 
agriculture (Dicke and van Loon, 2000; Ryan, 2001).  
1.3.11. Effect of jasmonic acid and methyl jasmonate on plants 
Jasmonic acid [JA or 3-oxo-2-(2’-cis-pentenyl)-cyclopentane-1-acetic acid] and 
its volatile methyl ester, methyl jasmonate (MeJA) were recognized as plant 
growth regulators over 25 years ago and there is presently intense interest in the 
potential role of JA as a gene regulator. JA induces a family of wound-inducible 
proteinase inhibitors; it has been proposed that a primary function for jasmonic 
acid is as an intracellular second messenger for systemin-mediated wound 
induction of these genes (Farmer and Ryan, 1990; Dixon et al., 1994).  
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Farmer and Ryan (1990) reported that MeJA can act as a volatile signal that 
induces the accumulation of proteinase inhibitor proteins (of pathogens and 
insects) to even higher levels than can be induced by wounding. MeJA also 
induces the synthesis of new proteinase inhibitor mRNA, implying that the 
synthesis of the inhibitors regulated by MeJA, as with wounding, is at the 
transcriptional level (Farmer et al., 1992). Tomato, alfalfa and tobacco plants 
placed separately in chambers with 100 nL of MeJA all had significant increases 
of proteinase inhibitors. The presence of MeJA from sagebrush leaves 
(Artemisia tridentata) can induce proteinase inhibitor I and II accumulation in 
leaves of nearby tomato plants through the atmosphere. This demonstrated 
interplant communication through the atmosphere (plant-plant communication, 
1.3.10.). MeJA or JA are hypothesized to be possible key components of 
intracellular signaling in response to wounding or pathogenic attacks (Farmer 
and Ryan, 1990).  
Salicylic acid (SA) and JA are 2 endogenous signals implicated in eliciting plant 
resistance. SA is known to act as a signal for systemic acquired resistance (SAR) 
in pathogen-infected plants, where JA activates the expression of genes 
encoding antifungal proteins such as β-glucanase and chitinase. In addition, the 
accumulation of JA in wounded plants activates the expression of gene encoding 
for proteinase inhibitors against herbivores (Ozawa et al., 2000). 
The jasmonates are key signal compounds in the elicitation process [increase in 
expression of genes involved in secondary metabolism proved by measured 
increase in phenylalanine ammonia lyase (PAL)poly(A)+RNA followed by an 
increase in PAL enzyme activity] leading to de novo transcription and 
translation and, ultimately, to the biosynthesis of secondary metabolites in plant 
cell cultures (Gundlach et al., 1992). 
Levels of JA found in intact plants usually range from 10-100 ng/g fresh weight 
but can be much higher [up to 3 µg/g fresh weight in some plants or plant 
organs] (Mueller, 1997). Farmer and Ryan (1992) demonstrated that three of the 
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octadecanoid precursors of JA [linolenic acid, 13(S)-hydroperoxylinolenic acid 
and phytodienoic acid], were all found to be powerful inducers of proteinase 
inhibitor I and II synthesis when applied to tomato leaf surfaces. The same 
authors proposed a model in which systemin and oligouronides produced by 
insect or pathogen attack interact with receptors in target cells to initiate the 
octadecanoid-based signaling.  
Mueller et al. (1993) performed experiments with plant cell suspension cultures: 
they added fungal cell walls and fragments thereof (elicitors) to the cell cultures 
which induced the formation of low and high molecular weight defense 
compounds. They assumed jasmonic acid and its precursors to be the signaling 
molecules in the elicitation process. 
Lima bean leaves (Phaseolus lunatus cv. Sieva) treated with 1 µmol JA 
(aqueous) emitted cis-3-hexenyl acetate, indole, cis-jasmone and 11 terpenoids 
with β-ocimene, DMNT and β-caryophyllene in the greatest amounts. It was 
suggested that a JA-related signaling pathway is involved in the production of 
caterpillar-induced volatiles (Ozawa et al., 2000). 
Induction of jasmonate (in plant cell suspension cultures) does not appear to be 
specific to any one type of secondary metabolite but rather general to a wide 
spectrum of low molecular weight substances (phytoalexins and terpenoids), 
ranging from flavonoids, guaianolides and antraquinones to various classes of 
alkaloids (Gundlach et al., 1992). Evidence is accumulating that jasmonates may 
act as general inducers of secondary metabolism (Mueller, 1997). 
(Z)-jasmone, a component of flower volatiles, is also known to be induced upon 
damage of plant vegetative tissues (Ozawa et al., 2000). The possible role of 
(Z)-jasmone is qualitatively different from that of the biosynthetically related 
methyl jasmonate and jasmonic acid and gives a long-lasting effect after 
removal of the stimulus, in contrast with methyl jasmonate which only had a 
short-term effect (Birkett et al., 2000). 
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Chapter 2. Materials and methods 
2.1. Plant material: tomato 
Tomato seeds (Lycopersicon esculentum Mill. ‘Moneymaker’) were obtained 
from the Tomato Genetics Resource Center, California (Davis, CA, USA, 
http:\\tgrc.ucdavis.edu). 
Different monogenic lines of L. esculentum Mill. ‘Moneymaker’ and one 
different cultivar (cv.) Pyros were used for the experiments. The different lines 
of ‘Moneymaker’ are listed in Table 2.1. 
 
Tabel 2.1. Different lines of ‘Moneymaker’  
MO ‘Moneymaker’ 
3310 resistant to Tobacco mosaic virus-2 
2819 resistant to Meloidogyne incognita (root-knot nematode) 
2821 immune to Fusarium, race 2 (wilt); resistant to Stemphyllium 
(gray leaf spot) 
 
2.1.1. In vitro culture 
The in vitro technique was used because this technique allows aseptic (avoid 
contamination by micro-organisms) culture of plants in a well-defined culture 
container on a well-defined culture medium under controlled environmental 
conditions. 
Micropropagation (in vitro multiplication of plants) was applied to obtain a large 
number of genetically identical plants.  
2.1.1.1. Culture medium 
The Murashige and Skoog (M.S.) medium (1962) was used containing M.S. 
macroelements, microelements and vitamins together with NaFeEDTA  
(35 mg/L), sucrose (2%), agar (0.6%; MC29; Topley House, Bury, UK), myo-
inositol (100 mg/L) and thiamine hydrochloride (0.4 mg/L). No plant growth 
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regulators were added. The pH of the medium was adjusted to 5.8 before 
autoclaving (steam under pressure) for 30 min at 112°C and a corresponding 
pressure of 50 kPa. 
The same M.S. medium was used for initiation, multiplication and stock 
cultures. For all the tomato experiments the same M.S. culture medium was used 
but the sterilization was adjusted (3.3.1.2.). 
2.1.1.2. Culture container 
Meli jars (De Proft et al., 1985) with 100 mL of M.S. medium were used for the 
initiation, multiplication and stock cultures of the different tomato lines. 
Different sampling units were developed for sampling of the headspace as 
described in Chapter 3. 
2.1.1.3. Culture room 
The Meli jars and sampling units were maintained in a culture room at 25 ± 1°C 
under a 16 h photoperiod with a photosynthetic active radiation (PAR) of  
60 µmol.m-2.s-1 (fluorescent lamps Osram L36W/31) measured inside the jars.  
In vitro
 grown plants can present characteristics similar to normally (ex vitro) 
grown plants through control of the relative humidity (RH) within the tissue 
culture container, by using bottom cooling, which activates transpiration and 
translocation (Vanderschaeghe and Debergh, 1987). The RH in every unit was 
approximately 85% and was controlled by placing the jars on a single cooled 
plate. During the night no bottom cooling was applied so the RH increased to 
100%. 
2.1.1.4. Sterilization of the seeds 
A monoclonal line was obtained from one seed. The seed was sterilized by 
shaking in alcohol, followed by 15 min in 10% sodium hypochlorite (+ a few 
drops of Tween 20) and finally rinsed 3 times with autoclaved distilled water. 
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2.1.1.5. Initiation and multiplication 
The seed was sown in a Meli jar with 100 mL of M.S. medium. A few weeks 
after germination, the seedling was cut into nodal explants, which were 
subcultured in Meli jars with 100 mL M.S. medium and the same environmental 
conditions in the culture room. Each Meli jar contained 5 explants. New shoots 
developing from each axillary bud were again subcultured. Each shoot could 
again be used as a source of axillary buds.  
Micropropagation was repeated several times in order to obtain a sufficient 
quantity of genetically identical shoots. Only the shoot tips (ca. 5 cm length) 
were used for the experiments. 
2.1.1.6. Stock cultures 
During the 4 years of the study the tomato shoots were subcultured to maintain a 
stock culture of the different tomato lines. For each line at least 12 Meli jars 
with 5 explants per Meli jar were subcultured every 4 weeks. 
 
2.2. Gas chromatography 
All headspace components were determined by gas chromatography. Static 
sampling was used for all the experiments unless otherwise mentioned. 
2.2.1. Static sampling of organic compounds 
Different gas chromatographs (GCs) were used for this research. For analysis 
and identification of organic compounds, a gas chromatograph-mass 
spectrometer (GC-MS) was used (2.2.1.1.). This GC was located at the 
department of organic chemistry (Krijgslaan 281/S4, Gent, Belgium) where no 
culture room was available so the environmental conditions were not controlled 
during these experiments. 
Chapter 2. Materials and methods 
 39 
When the compounds were identified the follow-up of the experiments were 
performed on another GC with only analysis and no identification of the 
compounds (2.2.1.2.) but this GC was located near to the culture room so the 
environmental conditions during the experiments were better controlled.  
For the sampling of ethylene another GC with another column was used 
(2.2.1.3.) because ethylene could not be detected on the GCs mentioned above. 
This GC was also located near to the culture room. 
2.2.1.1. Gas chromatograph-mass spectrometer: gas chromatograph HP 
      6890 + mass selective detector 
For the separation and identification of compounds emitted by the tissue 
cultured plants we used a Hewlett Packard (HP; Agilent Technologies, Little 
Falls, DE, USA) model 6890 GC interfaced with a HP model 5973 MSD (mass 
selective detector). The MSD was operated in the electron impact mode (70 eV). 
The system was equipped with a Wiley (Chichester, UK) MS database for 
spectral identification. Full scan spectra were generated between m/z 50 and  
550 amu at a rate of 3 scans/s. Helium was used as carrier gas with a column 
head pressure of 10 psi. Compounds were desorbed at 250°C in a HP 
split/splitless injector provided with a 0.75 mm inner diameter (i.d.) liner 
(Supelco, Bellefonte, PA, USA) to allow rapid transfer of desorbed VOCs to the 
HP-5MS column [30 m length x 250 µm i.d.; 0.25 µm film thickness (df)]. The 
oven was programmed from 40 to 280°C at 10°C/min, with an initial time of  
3 min.  
2.2.1.2. Gas chromatograph HP 5890 
Organic components were detected with a HP 5890 GC equipped with a HP 
flame ionization detector (FID) maintained at 300°C. Hydrogen was used as 
carrier gas with a column head pressure of 10 psi and data were collected using 
a HP 3396A integrator. All other conditions were the same as for the GC 
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mentioned above. This GC was used for follow-up experiments (only analysis, 
no identification) and was less sensitive compared to the one mentioned above. 
2.2.1.3. Sampling of ethylene: DI 200 
Ethylene (C2H4) was measured with a FID in 0.3 mL samples (type DI 200). The 
FID was equipped with a Porapack QS 1/8 stainless steel column, 80 to  
100 mesh and 6 ft length (Biorad RSL NV, Belgium). The column temperature 
was kept at 135°C and the flow rates were 30 mL/min for helium (He)-carrier 
gas, 30 mL/min for hydrogen (H2) and 300 mL/min for air. The injector 
temperature was 220°C and the detector temperature was 250°C. 
An ethylene standard (l’Air Liquide, Belgium) of 4.01 ± 0.16 ppmv was used for 
calibration before the measurements. 
Ethylene concentrations are expressed in ppmv. For sampling the vacuum 
extraction technique was used. The sample loop was always free of polluents 
because the applied vacuum removed molecules interacting with the tubing of 
the loop, this is in contrast with a classical sampling method, using syringes and 
valves. This is of utmost importance when sampling frequently. Therefore the 
GC was equipped with a six-way sample valve (Demeester et al., 1995).  
2.2.2. Static sampling of permanent gases: IGC 11 M 
The permanent gases carbon dioxide (CO2), oxygen (O2) and nitrogen (N2) were 
measured with a thermal conductivity detector (TCD) in 0.3 mL samples (type 
IGC11M). The GC was equipped with a dual-phase GC column (Biorad). This 
column consists of an inner (packed with Porapack to separate air, methane and 
carbon dioxide) and an outer (packed with a molecular sieve 5Å to separate 
oxygen, nitrogen, methane and carbon monoxide) column. The column cannot 
separate oxygen and argon (representing 0.99% of the atmosphere). The column 
temperature was 30°C and the flow rate of the carrier gas He was 30 mL/min. 
The bridge current of the TCD was 180 mA.  
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The GC was calibrated with 4 standards (0.10% CO2, 23.07% O2, 76.83% N2; 
1.01% CO2, 18.02% O2, 80.97% N2; 10.06% CO2, 11.03% O2, 78.91% N2; 
20.03% CO2, 2.01% O2, 77.96% N2, l’Air Liquide).  
Data are expressed on a percentage base. For sampling we used the vacuum 
extraction technique (see 2.2.1.3.).  
 
2.3. Solid phase microextraction 
2.3.1. General 
All static headspace analyses of the VOCs (except ethylene) were performed 
with solid phase microextraction (SPME).  
The SPME technique consists of a thin layer of a polymeric material, which is 
disposed onto a fused silica fiber. The compounds are sorbed by the fibers and 
desorbed from the fibers in a GC provided with a split/splitless injector and a 
FID. The first commercial version of the laboratory SPME device was 
introduced by Supelco in 1993 (Pawliszyn, 1997).  
SPME fibers, coated with a polydimethylsiloxane (PDMS) or a polyacrylate 
(PA) layer, were purchased from Supelco and had a coating length of 1 cm. The 
thickness of the PDMS and PA film was 100 µm and 85 µm, respectively. A 
PDMS fiber was used for the apolar compounds (mainly mono- and 
sesquiterpenes) emitted and a PA fiber was used for detection of the more polar 
compounds. Nilsson et al. (1996) noted that SPME was less suited for the 
extraction of very volatile compounds like acetone. 
Fibers were placed into a manual SPME holder (Supelco, Figure 2.1.) and 
conditioned prior to use in a hot GC injector port. The fibers were conditioned at 
250°C for 1 h (PDMS) or at 280°C for 2 h (PA). Static sampling was carried out 
by inserting the SPME piercing needle through the septum and exposing the 
fiber to the headspace. Afterwards the fiber was retracted and the SPME holder 
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moved manually or automatically into the GC injector. Compounds were 
desorbed for 5 min with the splitless valve closed for 2 min. The injector flow 
increased to 100 mL/min when the split valve opened. Blank profiles of both 
fibers were taken before starting the analyses. 
 
Figure 2.1. Manual SPME holder (Pawliszyn, 1997) 
 
SPME is ideal for analyzing many of the complex mixtures emitted from 
biological systems. The method produces an exceptionally flat and noise-free 
baseline, and there is no solvent peak that could mask some compounds (Bartelt, 
1997). Another advantage of this technique is that the volume of the headspace 
in the sampling unit is not influenced. While the quantitative precision of SPME 
may not be as high as that achievable by other methods, the simplicity, speed, 
low cost, and gentle treatment of compounds outweigh this disadvantage for the 
purposes of this study. Furthermore, biological volatiles can easily vary over  
2 or 3 orders of magnitude and variations in measurements to 25% can be very 
acceptable (Bartelt, 1997). 
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2.3.2. Thermodynamics (after Pawliszyn, 1997) 
SPME is a multiple equilibration process. Frequently the extraction system is 
complex, as in a sample consisting of an aqueous phase with suspended solid 
particles having various adsorption interactions with compounds plus a gaseous 
headspace. For some analytical problems specific factors have to be considered, 
such as biodegradation processes or walls of the sampling vessel, adsorbing 
compounds significantly.  
To simplify the system, only three phases will be considered: the fiber coating, 
the gas phase or headspace, and a homogeneous matrix such as pure water. 
During extraction, compounds migrate among the three phases until equilibrium 
is reached. 
2.3.2.1. Multiphase equilibria in solid phase microextraction (Pawliszyn, 
1997) 
The mass of a compound extracted by the polymeric coating is related to the 
overall equilibrium of the compound in the three-phase system. Since the total 
mass of a compound during the extraction should remain the same as the initial 
amount, we have: 
sshhffs0 VCVCVCVC
∞∞∞ ++=
 
with: 0C : the initial concentration of the compound in the matrix; 
∞
fC ,
∞
hC and 
∞
sC : the equilibrium concentrations of the compound in 
the coating, the headspace, and the matrix, respectively; 
Vf, Vh and Vs : the volumes of the coating, the headspace and the 
matrix, respectively.  
If we define the coating/headspace distribution constant as ∞∞= hffh CCK and the 
headspace/sample matrix distribution constant as ∞∞= hhhs CCK , the mass of the 
compound absorbed by the coating, ff VCn
∞
= , can be expressed as: 
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with: hsfhfs KKK = = fiber/sample distribution constant; the equation can 
be rewritten as (if effect of moisture in the gaseous headspace can 
be neglected):  
shhsffs
s0ffs
VVKVK
VCVK
n
++
=
 
The equation states, as expected from the equilibrium conditions, that the 
amount of compound extracted is independent of the location of the fiber in the 
system. It may be placed in the headspace or directly in the sample as long as 
the volume of the fiber coating, headspace and sample are kept constant. 
There are three terms in the denominator of the above equation, which gives a 
measure of the compound capacity of each phase: fiber (KfsVf), headspace 
(KhsVh), and sample itself (Vs). If we assume that the vial containing the sample 
is fully filled with the aqueous matrix (no headspace), the term KhsVh in the 
denominator, which is related to the capacity )VC( hh∞  of the headspace, can be 
eliminated resulting in (Louch et al., 1992): 
sffs
s0ffs
VVK
VCVK
n
+
=
 
In our case the sample was the headspace, so the equation can be rewritten as: 
hffh
h0ffh
VVK
VCVK
n
+
=
 
⇒
 
( )
hffh
hffh
0 VVK
VVKnC +=  
 with  C0: the concentration in the headspace (g/mL or ppb = 10-9 g/mL) 
Vf = pi L (R12 – R22) = 0.523 10-9 m3 (PA-fiber) = 0.5 10-3 mL 
or 0.663 10-9 m3 (PDMS-fiber) = 0.66 10-3 mL 
where L = 1 cm; R2 = 55.5 µm and R1 = 140.5 µm (85 µm 
PA fiber) or 155.5 µm (100 µm PDMS fiber)  
Chapter 2. Materials and methods 
 45 
  Vh = 621 mL for empty original sampling unit (as described in 
    Chapter 3) 
Kfh = Kfg (without dimension): 2.3.2.2.  
n (g): see 4.3.3.1. and 5.3.1.1. 
2.3.2.2. Prediction of fiber/headspace distribution constants 
Mono- and sesquiterpenes (Pawliszyn, 1997) 
The fiber/headspace distribution constants of apolar compounds for the PDMS 
fiber can be determined theoretically.  
A most useful method for determining coating/gas distribution constants uses 
the linear temperature programmed retention index (LTPRI) system, which 
indexes compounds’ retention times relative to the retention times of n-alkanes. 
This system is applicable to retention times for temperature-programmed gas-
liquid chromatography. The logarithm of the coating/air distribution constants of 
n-alkanes can be expressed as a linear function of their LTPRI number. For 
PDMS this relation is log Kfg = 0.00415 * LTPRI – 0.188 (at 25°C; Martos et 
al., 1997). Therefore the LTPRI system permits interpolating the curve of Kfg 
versus retention time. LTPRI numbers are available from published tables, so 
this method can estimate Kfg values accurately without experimenting. If the 
LTPRI number for a compound is not available from published sources, it can 
be calculated from a GC run according to its definition: 




−
−
+=
+ )N(R)1N(R
)N(R)A(R
tt
tt
100N100LTPRI  
with  N: the number of carbon atoms for tR(N); 
tR(A): the analyte retention time;  
tR(N): the n-alkane retention time eluting directly before the tR(A); 
tR(N+1): the n-alkane retention time eluting directly after the tR(A).  
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Note that the GC column used to determine LTPRI should be coated with the 
same material as the fiber coating (100% PDMS in this particular case).  
Polar compounds (Zhang and Pawliszyn, 1993) 
The distribution constant of the polar compounds for the PA fiber can’t be 
calculated by the above theoretical method. It can be experimentally determined 
by the following equation: 
Kfg = 
fg
gf
VA
VA
 
 with:  Kfg: fiber/headspace distribution constant  
Af: area of headspace analysis with PA fiber 
           Ag: area of direct gas injection 
           Vg: volume of sample headspace 
Vf: volume of PA fiber  
 
2.4. Statistics 
The results were statistically analyzed with SPSS software. The data were ln-
transformed because the objective was to find out if there was a difference in 
trend within the different treatments in function of time, without focusing to 
much on the emitted concentration. The ln-transformed data were analyzed with 
the general linear model, univariate with as fixed variables the time and the 
treatment; random variable was the repetition and the dependent variable was 
the ln-transformed data (Thas, 2000). 
When no significant difference could be detected, the treatments were 
considered as the same. It should be noted that an important reason could be a 
lack of enough data points (Thas, 2000). 
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2.5. Data logger 
A data logger DL 3000 (Delta-T Devices Ltd., Cambridge, UK) measured the 
temperature, RH and light intensity inside and outside the sampling unit in order 
to control these factors for steady state conditions during the experiments. The 
program Delta-T Acquire was used to program the data logger for the 
measurements in function of time. 
2.5.1. Temperature 
The temperature was measured with two different types of 10 kΩ thermistors 
(resistance of 10000 Ω at 25°C): SKTS 200 (sheathed; 7 mm ∅ and 60 mm 
length) and SKTS 200U (unsheathed; 1.8 mm ∅ and 6 mm length). Both types 
were purchased from Skye Instruments Ltd. (Powys, UK). The temperature 
probes ranged from –20°C to 100°C and had an accuracy of 0.2°C between  
0 and 60°C. 
2.5.2. Light intensity 
The light intensity was measured with a PAR quantum sensor type SKP 215 
(Skye Instruments Ltd.). This sensor only counts the light intensity in the 
photosynthetic active range (between 400 and 700 nm). The sensor is calibrated 
in units of µmol.m-2.s-1. Temperature ranged from –35°C to 75°C and relative 
humidity from 0 to 100%. The output was in 1 mV per 100 µmol.m-2.s-1. 
2.5.3. Relative humidity 
2.5.3.1. In culture room 
The relative humidity in the culture room was measured with a SKH 2011 
sensor (Skye Instruments Ldt.). The relative humidity ranged from 0 to 100% 
with an accuracy of better than 2%. This sensor is fitted with a thermistor type 
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UUA4J1 which was a 10 kΩ thermistor (see 2.5.1. for more details). The output 
was 10 mV per % RH. 
2.5.3.2. In sampling unit 
The relative humidity inside the sampling unit was calculated with the following 
formula (Vanderschaeghe and Debergh, 1987): 
0
)t(
0
)t(
m
H
e
e
100RH =  
  with  0 )t(e : 6.1078 
t3.237
t*269.17
e + ; 
tH: dew-point temperature or temperature of the cooled 
medium (°C); 
   tm: temperature of the atmosphere (°C). 
2.5.4. Culture room 
Figure 2.2. represents the typical graph of the RH and light intensity in the 
culture room and in the sampling unit, and Figure 2.3. represents the typical 
graph of the temperature in the culture room and in the sampling unit in function 
of time. 
The 16 h photoperiod in the culture room from 6 h till 22 h was changed later on 
to a photoperiod from 4 h till 20 h because the response of the SPME fibers is 
temperature sensitive. When the experiments start, 4 h after the lights go on, the 
temperature and RH inside the sampling units were stabilized (see Figures 2.2. 
and 2.3.). 
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Figure 2.2. Typical graph of the RH (%) and PAR (µmol.m-2.s-1) in the culture 
room and sampling unit in function of time (h). Symbols:  : RH in 
culture room;  : RH in sampling unit (calculated with formula in 
2.5.3.2.);  : PAR in culture room;  : PAR in sampling unit 
 
 
Figure 2.3. Typical graph of temperature (°C) in culture room and sampling 
unit in function of time (h). Symbols:  : temperature of medium in 
sampling unit;  : temperature of headspace in sampling unit;  
 : temperature in culture room 
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Chapter 3. Development of sampling unit 
3.1. Introduction 
Many factors influence the composition of the volatiles in the headspace and the 
emission pattern of plants (1.3.4.). Several authors reported sampling of 
permanent gasses, ethylene, acetaldehyde and ethanol of in vitro cultured plants 
and their effects on the plant cultures (Demeester et al., 1995; Jackson et al., 
1991; Kumar et al., 1996a, b; Marino et al., 1996; Matthijs et al., 1993; Righetti 
et al., 1990). To our knowledge other organic volatiles were never analyzed of 
in vitro
 cultured plants. 
Different sampling units were presented for sampling of permanent gasses and 
VOCs for in vivo grown plants, like glass tubes, glass sampling jars of different 
volume, wash bottles, plastic bags and even large closed plant growth chambers 
(Bicchi et al., 1988; Charron et al., 1996a, b; Heath and Manukian, 1994; 
Knight, 1992; Ruther and Hilker, 1998; Wheeler, 1992). For use in laboratory 
experiments, glass is by far the most popular material. It does not emit any 
volatiles, is relatively inactive and allows the external light, for example of an 
artificial light source, to reach the plant. The polymeric sampling bags are 
mainly used for field experiments (Vercammen, 2002). Practically nothing was 
reported about cleaning procedures to minimize the background levels of the 
sampling units themselves. 
Although plants can only be grown successfully in vitro when the culture 
container is properly sealed to avoid contamination, for headspace analysis with 
SPME the conditions required are even more stringent and the sealing needs to 
be guaranteed over a long period of time. When sampling in vivo plants, many 
different sealing materials were used, but unfortunately, the trapping capacities 
of the applied materials, which are directly exposed to the system’s interior, are 
dreadfully overlooked (Vercammen, 2002). 
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The aim was to develop a sampling unit in which the in vitro plants could grow 
well and which was at the same time convenient for headspace analysis with 
SPME. During sampling the headspace composition should remain the same and 
the plant must not be stressed in any way. 
Probable sources of contamination are diffusion of chemicals and micro-
organisms. As a result of contamination, plant development together with 
volatile emissions, would be affected, making further analyses useless. 
Besides contamination another important problem appeared. The sampling unit 
itself and the culture medium were responsible for (ad)sorption of different 
volatile organic compounds, therefore the sampling unit had to be modified to 
decrease this sorption.  
The development of the sampling units for analysis of volatile organic 
compounds, as well as the permanent gasses, for in vitro grown plants is 
described in this chapter, and took 2 years of research. 
 
3.2. Specific materials and methods 
3.2.1. Test chemicals 
The monoterpene test chemicals (α-pinene, β-pinene, terpinolene and p-cymene) 
were purchased from Sigma-Aldrich (Fluka) (Bornem, Belgium). The polar test 
chemicals cis-3-hexenol and hexanal were purchased from Acros (Geel, 
Belgium). 
A saturated solution of sulphochromic acidι  was freshly prepared by dissolving 
potassium dichromate (Acros) in sulphuric acid (Vel, Leuven, Belgium). Any 
excess of chromate was removed prior to use. 
                                           
ι
 Hazard warning: sulphochromic acid is potentially carcinogenic (inhalation) 
as well as corrosive and toxic, and must be handled only in accordance with best 
laboratory practice. 
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3.2.2. Vials and syringes 
Screw top vials (7 mL) with hole caps and Teflon lined (0.25 mm) silicone septa 
were purchased from Supelco. 
Hamilton 700 series microliter syringes were used to inject the liquid 
compounds and Hamilton 1000 series gastight syringes were used to spike the 
gas from the vials into the sampling units (Supelco). 
3.2.3. Gas chromatograph 
All the experiments were performed with the GC HP 5890 (2.2.1.2.) unless 
otherwise mentioned.  
3.2.4. Culture medium 
As described in materials and methods (2.1.1.1.). 
 
3.3. Results 
3.3.1. Original sampling unit 
The original sampling unit (OSU) consisted of a 500 mL Schott bottle (Duran; 
Vel) equipped with a Duran screw thread tube connection (GL 14) for sampling. 
The set-up was sealed using plastic nuts (sizes GL 45 and GL 14) in 
combination with Teflon lined (0.25 mm) silicone septa (Vel) (Figure 3.1.). The 
maximum temperature of the nuts and septa was 200°C. A hole was drilled into 
the GL 14 nut for a SPME sampling port. The sampling unit was filled with 100 
mL of culture medium.  
This OSU was developed after experiments with several different nuts and septa 
(data not presented). 
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Figure 3.1.  OSU filled with 100 mL of culture medium and with Duran screw 
thread tube connection (GL 14) with a sampling port 
 
3.3.1.1. Air-tightness of sampling unit 
The number of air exchanges per hour (Ec) expresses the degree of gas exchange 
between the sampling unit and the environment. The reciprocal value of Ec gives 
the time required for one exchange of the headspace. 
Three sampling units were filled with 77% CO2. The evolution was followed 
during 80 days with the GC for static sampling of permanent gasses. Mean 
signals with error bars (standard deviation) from the 3 sampling units are shown 
in Figure 3.2. An Ec-1-value of 120 days was determined. 
Simultaneously a second experiment was started. The sampling unit was filled 
with 100 ppmv ethylene to follow the behavior of this organic compound in 
function of time. During a period of 3 weeks, daily samples of 100 µL were 
taken from the sampling unit. During the full length of this period the areas of 
response of the ethylene peak merely fluctuated slightly without exhibiting a 
decreasing trend (data not presented). 
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Figure 3.2.  Evolution of CO2 (%) in sampling unit in function of time (n = 3). 
Sampling method as described in materials and methods (error bars 
are standard deviation) 
 
3.3.1.2. Determination of background levels 
Sterilization of sampling unit 
Knowledge and minimization of equipment-related contributions are a necessary 
pre-requisite when carrying out trace and ultra-trace enrichment analysis. In 
addition to this analytical requirement, in vitro culture necessitates a full 
sterilization of all set-up components. Sterilization is mainly carried out by 
autoclaving. Figure 3.3. presents the headspace profile of an empty autoclaved 
OSU after 30 min sampling with the PDMS fiber.  
It was obvious that an intensive cleaning procedure had to be developed in order 
to remove the substantial quantities of interfering compounds. This was caused 
by the polluted autoclave steam. Some of the compounds in the headspace were 
identified with GC-MS as trimethylpyridine, acetophenone, nonanal, dodecene, 
decanal, tridecane, dodecanal, tetradecane,... 
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Figure 3.3.  Headspace profile of an empty autoclaved OSU after 30 min 
sampling with PDMS fiber 
 
The best results to minimize contamination were realized with the cleaning 
procedure presented in Table 3.1. This procedure was developed after 
experiments with many different other sterilization procedures (data not 
presented). 
 
Table 3.1.  Procedure for generating sterile glassware with small background 
headspace response 
Step 1 Dishwasher (93°C for 10 min, rinse with demineralized water) 
Step 2 Immerse in sulphochromic acid for 1 h 
Step 3  Thorough rinsing with distilled water to remove residual organics 
and salts 
Step 4  Overnight heating in oven at 160°C 
Step 5  Cooling in a laminar flow 
 
Step 4, which involved leaving the sampling unit overnight in an oven at 160°C, 
was implemented in the procedure in order to disinfect the sampling unit and, at 
the same time remove the last traces of interfering components. Autoclaving the 
sampling unit, which proved to be the main source of contamination, was 
therefore no longer necessary. 
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The septa and nuts were placed in dichloromethane and ultrasonically cleaned 
for 15 min. Afterwards they were wrapped separately in aluminum foil and 
sterilized overnight in an oven at 160°C. 
Sterilization of culture medium 
After many preliminary trials we developed an optimal sterilization procedure 
for the culture medium. It was sterilized in an indirect manner in order to avoid 
contamination during the autoclaving process. A freshly prepared solution of 
medium was poured into a 250 mL Schott bottle and placed inside a sterilization 
jar (1 L), which was sealed air-tight with a flat rubber ring and placed in the 
autoclave. The medium was autoclaved for 45 min at 121°C with a 
corresponding pressure of 100 kPa. The sterilization jar prevented polluted 
autoclave steam from entering the sampling unit and the medium contained 
therein; nevertheless the conditions inside the jar were sufficient for full 
sterilization of the medium. After autoclaving, the jar was placed in a laminar 
flow to transfer the sterilized medium to the sampling units, which were cleaned 
with the procedure described in Table 3.1. 
Blank background 
The headspace was checked with the PDMS and the PA fibers, but 
chromatograms from both did not show any contamination of organic 
compounds. Figure 3.4.A. presents the chromatogram of an empty sampling unit 
cleaned and sterilized using the procedure presented in Table 3.1., and Figure 
3.4.B. presents the chromatogram of an identical sampling unit filled with  
100 mL of indirectly sterilized culture medium. Both units were sampled for  
30 min with the PDMS fiber. 
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Figure 3.4.  Headspace profiles from (A) an empty sampling unit cleaned and 
sterilized using the procedure presented in Table 3.1. and (B) a 
sampling unit filled with 100 mL of indirectly sterilized medium. 
The sampling units were sampled for 30 min with the PDMS fiber 
 
3.3.1.3. Influence of frequency of sampling 
The influence of the frequency of sampling was determined by an experiment in 
which the sampling units were filled with 100 mL culture medium and injected 
with 1 µL α-pinene with a Hamilton 700 series syringe (Supelco). After 2 days 
of equilibration sampling was started with the PDMS fiber for 30 min. The first 
sampling unit was sampled once a day, while the second was sampled four times 
a day. The results are plotted in Figure 3.5. 
No statistical significant differences in signals were observed. Both series of 
experiments produced a similar trend over a 10 days period. 
Analogous experiments were performed with α-pinene for 8 measurements per 
day and 1 measurement every 4 days. Also in these experiments no influence of 
frequency of sampling was detected (figures not presented). 
The composition of the headspace did not change significantly by frequent 
sampling with PDMS fibers. 
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Figure 3.5.  The influence of frequency of sampling was tested for α-pinene in 
function of the time. Symbols:  : 1 sample per day;  : 4 samples 
per day. The sampling units were sampled for 30 min with the 
PDMS fiber 
 
3.3.1.4. Different concentrations 
An experiment was set up to evaluate the different behavior of the volatile 
compounds at different concentrations. Two OSUs were injected with α-pinene. 
The first was injected with 0.5 µL and the second with 1 µL. The OSUs were 
measured 4 times a day for 30 min with the PDMS fiber (Figure 3.6.). 
The concentration has no influence on the behavior of the volatile α-pinene. No 
statistical significant differences could be detected.  
Analogous experiments were performed with 1 sample per day and a tripled 
concentration in empty sampling units. The results were the same (figures not 
presented). 
The knowledge that the behavior of the volatile compounds under identical 
environmental conditions is not influenced by the concentration in the sampling 
units is important for further experiments. The trend of the volatile compounds 
with a different concentration can be compared and evaluated. 
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Figure 3.6.  FID response to sampling unit A (injected with 0.5 µL α-pinene) 
and sampling unit B (injected with 1 µL α-pinene) in function of 
time. The sampling units were sampled for 30 min with the PDMS 
fiber 
 
3.3.1.5. (Ad)sorption by culture medium and/or glassware 
Apolar compounds 
In order to determine the (ad)sorptive characteristics of the culture medium 
and/or the glassware for apolar compounds, a new set of sampling units was 
prepared which consisted of 3 sampling units without medium and 3 filled with 
100 mL of culture medium. Six vials were filled with 1 mL of α-pinene and left 
for equilibration for 2 days. Each unit was spiked with 1 mL headspace of  
α-pinene and left for 1 day to equilibrate before 30 min sampling using the 
PDMS fiber started. Mean signals of α-pinene with error bars (standard 
deviation) from the sampling units are presented in Figure 3.7.  
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Figure 3.7.  Evaluation of the (ad)sorptive properties of glassware and culture 
medium presenting the evolution of α-pinene in function of time  
(n = 3). Error bars are standard deviation. The sampling units were 
sampled for 30 min with the PDMS fiber 
 
Statistical calculations proved that there was no significant difference between 
the sampling unit with the medium and the sampling unit without medium. 
Therefore the apolar terpene was not sorbed by the aqueous medium.  
Identical experiments with two other monoterpenes, p-cymene and terpinolene, 
also proved no significant sorption of the medium (figures not presented). 
The monoterpenes are not sorbed by the aqueous medium but more likely by the 
glass walls and/or by the septa (see drop of α-pinene in sampling unit without 
medium in Figure 3.7.). 
Polar compounds 
The sorption characteristics of the sampling unit without medium was 
determined for the polar compound cis-3-hexenol and compared with the apolar 
compound β-pinene to highlight the different behavior of the volatile 
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compounds. One sampling unit without medium was spiked with 1 mL of the 
headspace from a vial with 1 mL cis-3-hexenol. Another sampling unit without 
medium was spiked with 1 mL of the headspace of a vial with 1 mL β-pinene. 
To reach the highest sensitivity, cis-3-hexenol was sampled for 30 min with the 
PA fiber and β-pinene was sampled for 30 min with the PDMS fiber. 
Figure 3.8. presents the decrease in response of cis-3-hexenol and β-pinene 
spiked in separate sampling units without medium.  
The curve for β-pinene presents a steeper decrease, resulting from polarity 
differences. Rupturing of the Teflon layer of the septum with the flat-tipped 
SPME syringe exposed the apolar septum core, which was made from pure 
siloxane rubber with strong sorptive characteristics. 
When the polar alcohol cis-3-hexenol was spiked in an OSU filled with 100 mL 
of culture medium no signal was detected when sampled with the PA fiber. The 
medium apparently (ad)sorbed polar compounds very strongly. 
 
 
Figure 3.8.  Evaluation of the (ad)sorptive properties of glassware and septa 
presenting the recovery differences as function of a chosen 
standard. β-pinene was enriched with the PDMS fiber and cis-3-
hexenol with the PA fiber, each sampling unit without medium was 
sampled for 30 min 
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3.3.2. Modified sampling unit 
In order to avoid or reduce the sorption of the culture medium, the OSU was 
improved to minimize the contact surface between the culture medium and the 
headspace. 
The modified sampling unit (MSU) consisted of the OSU with a small beaker 
(for the culture medium) placed in the center. The volume of the beaker was  
13 mL. After filling the beaker with the culture medium, the beaker was capped 
with a little Petri dish with a central hole through which the shoot could grow 
(Figure 3.9.).  
 
 
Figure 3.9.  MSU with a beaker filled with 13 mL medium and capped with a 
Petri dish with a central hole through which the plant could grow 
 
When this MSU (with medium) was spiked with 1 mL headspace of cis-3-
hexenol, the polar alcohol could be detected with the PA fiber although it was 
less compared to a sampling unit without medium.  
For practical use, however, this sampling unit was nevertheless ineffective as the 
small amount of medium could not supply the plant with enough nutrients or 
water and as a result the medium became dehydrated and the plant didn’t grow. 
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Whilst the adsorption of the polar alcohol had been reduced, the problem had 
been shifted to a horticultural one. Combining both sampling systems into one, a 
new sampling unit solved both problems. 
3.3.3. Final sampling unit 
The final sampling unit (FSU) consisted of the original sampling unit expanded 
at the bottom with an extension with a volume of 130 mL, which served as a 
reservoir for the medium. By drilling a hole in the center of the original bottom 
of the bottle, the plant was able to reach the culture medium whilst direct contact 
with the headspace was substantially reduced. Figure 3.10. presents the FSU (A) 
with a close-up of the reservoir for the medium and the roots of the plant (B). 
 
Figure 3.10. FSU (A) with an extension with a volume of 130 mL and an 
opening for the medium and the roots of the plant, see close up (B)  
 
The culture medium was added to the reservoir in the laminar flow with a glass 
pipette (20 mL), which was cleaned and sterilized in the same way as the 
sampling units (Table 3.1.).  
Hexanal was spiked into this FSU to determine how long this compound would 
stay in the headspace because it disappeared quickly from the MSU (5.3.3.1.). 
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When hexanal was spiked into the FSU filled with 130 mL of culture medium, 
the compound could still be detected with the PA fiber after one week where it 
could not be detected in the OSU after 1 day (data not presented). This proves 
that in the FSU the detectability is better.  
 
3.4. Discussion and conclusion 
To our knowledge, no sampling units were reported in literature, which were 
convenient for in vitro culture of whole plants and at the same time convenient 
for SPME sampling of the VOCs in the headspace. VOCs of sweet orange callus 
cultures (Niedz et al., 1997) and of Penicillium species (Nilsson et al., 1996) 
were analyzed in vitro.  
We developed a sampling unit allowing to detect apolar and polar compounds 
and which was ideal for plant development. The sampling unit allows 
nondestructive headspace sampling of volatiles from in vitro grown plants. It 
took us 2 years to develop the FSU because many factors had to be 
evaluated/adapted:  
• nuts and septa; 
• air-tightness of sampling unit; 
• cleaning and sterilization of sampling unit; 
• sterilization of culture medium; 
• influence of frequency of sampling; 
• (ad)sorption by culture medium, glassware and/or septa. 
The fact that all the above mentioned factors had to be considered to develop the 
FSU, raises questions about the reliability of the results published in literature 
concerning the volatiles emitted by plants.  
We found an Ec-1-value of 120 days which was very satisfying compared to 
Demeester et al. (1995) who found 151 days for an “air-tight container”.  
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The sterilization of the sampling unit was optimized and the sterilization of the 
culture medium was adjusted compared to the sterilization procedure described 
in materials and methods (2.1.1.1.).  
The frequency of sampling had no effect on the measurements and the behavior 
of volatiles with different concentrations can be compared. During the 
experiments with plants, the behavior of different volatiles with different 
concentrations can be compared. 
The culture medium shows no sorption of the apolar terpenes but the terpenes 
show a typical drop because of (ad)sorption by the septa and glassware. In a 
sampling unit without medium the apolar terpene β-pinene showed a steeper 
decrease then the polar cis-3-hexenol, resulting from polarity differences. 
Rupturing of the Teflon layer of the septum with the flat-tipped SPME syringe 
exposed the apolar septum core, which was made from pure siloxane rubber 
with strong sorptive characteristics (Maes et al., 2001). 
Adjusting the OSU to the FSU, in which the contact surface between the culture 
medium and the headspace was reduced, diminished the sorption of the culture 
medium. The polar compounds could be detected longer in this FSU. 
In conclusion, when sampling volatiles emitted by plants the following factors 
need to be considered before starting the actual analyses: background levels 
should be as low as possible, the sampling units should be cleaned properly; 
(ad)sorption characteristics of sampling unit and/or culture medium should be 
considered and stress caused by the sampling unit itself or by the sampling 
method should be minimized. 
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Chapter 4. Volatiles produced by undamaged in vitro 
        grown tomato plants 
4.1. Introduction 
The volatiles produced by different plant species are an extensively studied area 
(see Chapter 1. Literature) but the methods used are very different. Tomato fruit 
volatiles were studied by Baldwin et al. (1991, 1998, 2000), but the volatiles 
produced by whole tomato plants still are an undiscovered area. Only the 
volatiles present in the leaves were determined (Chapter 1. Literature). 
In Chapter 3 we developed a sampling unit which allows to measure the 
volatiles without injury to the in vitro plants. The shoot can grow undisturbed 
under controlled environmental conditions, and several samples can be taken 
from the same sampling unit to follow the evolution of the emitted compounds.  
In this chapter the whole spectrum of volatile emissions (VOCs and permanent 
gasses) of unstressed in vitro grown tomato plants will be determined.  
 
4.2. Specific materials and methods 
4.2.1. Plant material and culture medium 
All tomato lines described in materials and methods (Table 2.1.) were used in 
this chapter. The same M.S. culture medium (2.1.1.1.) was used for all the 
experiments and will be called culture medium. The culture medium was 
sterilized as described in 3.3.1.2. 
4.2.2. Sampling unit 
The original sampling unit (OSU) and the final sampling unit (FSU) were used 
for the experiments. They were cleaned and sterilized as described in Table 3.1.  
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4.2.3. Environmental conditions 
The environmental conditions in the culture room are given in Table 4.1. The 
photoperiod was 16 h. The parameters were measured with a data logger (2.5.). 
 
Table 4.1.  Environmental conditions inside the sampling unit 
Climate control day night 
temp of medium (°C) 21 23 
temp of headspace (°C) 25 23 
RH (%) 85 100 
PAR (µmol.m-2.s-1) 60 0 
 
No climate control was available for the experiments which were not performed 
in our laboratory. The environmental conditions of these experiments are 
presented for each experiment separately. The photoperiod of 16 h was the only 
environmental factor that was controlled during these experiments. It was 
achieved by a set of 4 fluorescent lamps (Osram L36W/21) with a time-
controlled power switch. 
4.2.4. Gas chromatographs 
The identification and analysis of the emitted VOCs was performed with the 
GC-MS (2.2.1.1.).  
Once the emitted VOCs were identified, the follow-up of the experiments 
(where only the analysis of the VOCs was needed) was performed with the  
HP 5890 (2.2.1.2.), located near the culture room. 
The day-night pattern of the emissions was determined with the HP 6890 
(2.2.1.1.) equipped with FID. Instead of manual sampling, the GC was equipped 
with a robotic arm, constructed and located at the department of organic 
chemistry (Krijgslaan 281/S4, Gent, Belgium). The automated static headspace 
sampling method is described by Pham-Tuan et al. (2001). 
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4.2.5. Test chemicals, vials and syringes 
Different test chemicals were needed to determine the sampling time for the 
PDMS fiber, to determine the concentration in the headspace and to study the 
behavior of monoterpenes in a sampling unit with a tomato plant. 
Monoterpenes (α-pinene, β-pinene, terpinolene and p-cymene) and the 
sesquiterpene β-caryophyllene were purchased from Sigma-Aldrich (Fluka) 
(Bornem, Belgium). 
Vials and syringes are as described in 3.2.2. 
 
4.3. Results and discussion 
4.3.1. Organic headspace compound recovery and identification 
The VOCs produced by tissue cultured tomato plants were analyzed and the 
different compounds in the headspace were identified. 
The OSU was used because this was the start of all tomato experiments and at 
that time we didn’t know the medium would adsorb the polar emitted 
compounds (3.3.1.5.). For these experiments this is not critical because only 
damaged plants emit a lot of polar compounds (Charron et al., 1995; Sharkey, 
1996).  
A shoot from line 3310 was placed in the OSU. The shoot was in subculture for 
21 days before sampling started. Sampling occurred for 30 min with the PDMS 
fiber and the analysis was performed with GC-MS for peak identification 
(Figure 4.1.). The identified compounds are monoterpenes (Table 4.2.) and 
sesquiterpenes (Table 4.3.). 
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Figure 4.1.  Headspace profile of a 3 weeks old shoot from line 3310. Sampling 
occurred for 30 min with PDMS fiber and was analyzed with GC-
MS. The peaks are identified in Table 4.2. and Table 4.3. 
 
Table 4.2.  Compounds identified as monoterpenes with GC-MS in the 
headspace of a 3 weeks old shoot from line 3310 after 30 min 
sampling with the PDMS fiber 
n° Compound n° Compound 
1 α-thujene 10 α-terpinene 
2 α-pinene 11  p-cymene 
3 m-cymene 12 β-phellandrene 
4 sabinene 13 β-ocimene 
5 β-pinene 14 γ-terpinene 
6 β-myrcene 15 terpinolene 1 
7 2-carene 16 terpinolene 2 
8 α-phellandrene 17 1,3,8-p-menthatriene 
9 3-carene 19 unidentified monoterpene 
 
Table 4.3.  Compounds identified as sesquiterpenes with GC-MS in the 
headspace of a 3 weeks old shoot from line 3310 after 30 min 
sampling with the PDMS fiber 
n° Compound n° Compound 
21 δ-elemene 23 β-caryophyllene 
22 α-copaene 24 α-humulene 
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The headspace mainly consisted of a series of apolar monoterpenes (Table 4.2.) 
together with some sesquiterpenes (Table 4.3.). Peaks with numbers 18, 20 and 
25 were identified as cyclic siloxane degradation products, which originate from 
decomposition of the PDMS fiber itself (Vercammen et al., 2000). 
Mass spectrometric identification of mono- and especially sesquiterpenes is 
usually difficult because isomeric compounds often give very similar spectra 
(Nilsson et al., 1996). Nonetheless all VOCs produced in large amounts could 
be identified. Peak number 19 (Figure 4.1.), a monoterpene present in small 
amounts, was the only unidentified peak. 
The mono- and sesquiterpenes found in the headspace are the same compounds 
found inside the leaves of tomato plants as described in 1.3.9.1. (Andersson et 
al., 1980; Buttery et al., 1987a; Buttery and Ling, 1993; Ishida et al., 1993). The 
concentrations of C6 volatiles in the intact (not wounded) leaves are relatively 
low (less than 1 ppmv each) (Buttery et al., 1987a; Buttery and Ling, 1993). 
This explains why no polar C6 compounds were found in the headspace. The 
composition of the headspace of undamaged tomato plants (‘Moneymaker’) was 
also reported by Dicke et al. (1998). They found α-pinene, 2-carene, β-myrcene, 
α-phellandrene, α-terpinene, limonene, β-phellandrene, p-cymene, δ-elemene, 
β-caryophyllene, α-humulene, cis-3-hexenol and hexanal. It is unlikely that 
polar compounds are emitted by undamaged plants, therefore the detection of 
the last 2 compounds could be due to the sampling method (not reported). 
 
The headspace of shoots from line 3310 was also analyzed using the polar PA 
fiber in order to verify whether this material could give better sensitivity. No 
differences in headspace composition were observed, whilst all apolar 
compounds were less enriched using this fiber. This was confirmed by Miller 
and Stuart (1999) who reported that the 100 µm PDMS fiber performed the 
highest recovery for the apolar compounds like α-pinene, β-myrcene, limonene, 
terpinolene, β-caryophyllene and valencene. This was in contrast with the 
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findings of Nilsson et al. (1996) who found that the response was the same for 
the 100 µM PDMS fiber as for the 85 µM PA fiber for the apolar terpenes  
(β-myrcene, limonene, β-caryophyllene and α-copaene).  
A higher response was obtained with the 85 µm PA fiber compared to the  
100 µm PDMS fiber for polar compounds like n-octanol, linalool, α-terpineol 
and trans-carveol (Miller and Stuart, 1999; Nilsson et al., 1996), although the  
65 µm PDMS/divinylbenzene fiber performed even better (Miller and Stuart, 
1999). 
4.3.2. Determination of sampling time for PDMS fiber 
The PDMS fiber is exposed to the headspace for a certain time (sampling time) 
so the volatile compounds can be sorbed by the fiber. The sampling time for the 
PDMS fiber has to be determined for the mono- and sesquiterpenes identified in 
the headspace of the tomato shoots. If the sampling time is too short sensitivity 
is restricted; if the sampling time is increased too much, the total analysis time 
becomes excessively long.  
Standard solutions of β-pinene and β-caryophyllene were chosen to be 
representative for mono- and sesquiterpene equilibration times, respectively. 
Seven vials were filled each with 1 mL of a 100 ppm β-pinene solution in H2O. 
The vials were equilibrated for 2 days at 25°C. The vials were sampled for 1, 2, 
3, 5, 10, 15 and 20 min. The same was done for β-caryophyllene which was 
sampled for 5, 10, 15, 20, 25, 35, 45 and 60 min. The monoterpene β-pinene was 
found to be equilibrated within 5 min, while the higher molecular weight 
sesquiterpene β-caryophyllene required a sampling time of more than 1 h for full 
equilibration. For practical reasons, however, such a sampling period would be 
too long, therefore in further experiments a sampling time of 30 min was used. 
This is a compromise with respect to the equilibration requirements and the 
desirability that the sampling of the next sample should be feasible during the 
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GC run of the previous sample. This sampling time was also applied by Nilsson 
et al. (1996) for sampling of VOCs of Penicillium species. 
4.3.3. Calculation of the headspace concentration of the apolar 
   organic compounds 
The headspace concentration (C0) is calculated for the most abundant mono- and 
sesquiterpenes present in the headspace of tomato shoots. The theoretical 
concentrations calculated below are for a FID response of 10000 (area) when 
sampled with the PDMS fiber. 
The concentration in the headspace was calculated with the formula described in 
materials and methods (2.3.2.1.) (Pawliszyn, 1997): 
( )
hffh
hffh
0 VVK
VVKnC +=  
with  Vf = 0.663 10-9 m3 (PDMS-fiber) = 0.66 10-3 mL 
  Vh = 521 mL for an OSU filled with 100 mL of culture medium 
  n (g): see 4.3.3.1.  
Kfh (without dimension): see 4.3.3.2.  
C0 (ppb): see 4.3.3.3. 
4.3.3.1. Factor n 
The amount sorbed on the fiber (n) correlated to the FID response, was 
determined for the monoterpene β-pinene and the sesquiterpene β-caryo-
phyllene, which were representative for all the mono- and sesquiterpenes 
respectively. 
Three vials were filled with a 100 ppm β-pinene solution in CH2Cl2. One µL of 
each vial, which corresponded with an amount of 100 ng β-pinene, was injected 
in a HP 5890 (2.2.1.2.) equipped with a 100% PDMS column. The mean of the  
3 FID responses was calculated. One ng β-pinene corresponded with a mean 
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FID response of 500 (area). This conversion will be used for all the 
monoterpenes.  
The factor n for β-caryophyllene was determined analogous to β-pinene and  
1 ng β-caryophyllene corresponded with a mean FID response of 770 (area). 
This conversion will be used for all the sesquiterpenes.  
4.3.3.2. Fiber/headspace distribution constants 
The fiber/headspace distribution constants (Kfg) were determined with the 
theoretical method based on the LTPRI system (see materials and methods 
2.3.2.2.). The retention times for the alkanes from C7 till C15 were determined on 
the HP 5890 (2.2.1.2.) equipped with a 100% PDMS column. The distribution 
constants were calculated for 4 monoterpenes and 4 sesquiterpenes at a 
temperature of 25°C (Table 4.3.).  
 
Table 4.3. Fiber/headspace distribution constants (Kfg) calculated for 4 
monoterpenes and 4 sesquiterpenes determined by the theoretical 
method based on the LTPRI system 
Monoterpenes Kfg Sesquiterpenes Kfg 
α-pinene 5356 δ-elemene 249747 
m-cymene 7244 α-copaene 364334 
2-carene 9892 β-caryophyllene 573192 
β-phellandrene 12644 α-humulene 790133 
 
When the fiber/headspace distribution constants were determined with the 
experimental method the log Kfg values of 2 monoterpenes were 4.11 for 
limonene and 3.93 for myrcene (Nilsson et al., 1996). This is in the range of our 
results for the monoterpenes: log Kfg for α-pinene is 3.73 and for β-phellandrene 
is 4.10. The experimental values of 2 sesquiterpenes were 4.55 for α-copaene 
and 4.50 for β-caryophyllene (Nilsson et al., 1996). These values are lower 
compared to our results (5.56 for α-copaene and 5.75 for β-caryophyllene) for a 
low humidity (not specified) and a temperature of 25°C. This was unexpected 
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because the response of the PDMS fiber is increasing with lower humidity 
(Nilsson et al., 1996). 
4.3.3.3. Calculation of the headspace concentration 
Sampling unit without tomato shoot 
If the FID response is 10000 (area), the headspace concentration C0 (ppb) in an 
OSU, filled with 100 mL of culture medium, is listed in Table 4.4. 
 
Table 4.4.  Concentration C0 (ppb) of 4 mono- and 4 sesquiterpenes in the 
headspace of an OSU filled with 100 mL of culture medium if the 
FID response is 10000 (area) 
Monoterpenes C0 (ppb) Sesquiterpenes C0 (ppb) 
α-pinene 5.7 δ-elemene 0.1 
m-cymene 4.2 α-copaene 0.08 
2-carene 3.1 β-caryophyllene 0.06 
β-phellandrene 2.4 α-humulene 0.05 
 
Sampling unit with tomato shoot 
Table 4.4. will be used as a reference for the concentration of the emitted 
compounds of tomato shoots when analyzed with the HP 5890 (2.2.1.2.) during 
follow-up experiments (4.3.4.). It should be kept in mind that this conversion 
(FID response ⇒ headspace concentration) is only an estimation and not totally 
correct.  
All calculations above are performed at a temperature of 25°C, which is also the 
mean temperature inside the sampling units. The formula in materials and 
methods (2.3.2.1.) was only designed for 3 phases: the headspace, the fiber and a 
homogenous matrix. In this work the plant also plays a very important role 
(producing and adsorbing compounds) but this can’t be taken into account. A 
study was performed concerning the sorption of VOCs by the plant cuticula 
(Welke et al., 1998) but this is still totally different from a living plant.  
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4.3.4. Organic compounds in the headspace of in vitro grown 
   tomato plants: follow-up experiment 
Variations in emissions during plant development were determined in follow-up 
experiments. Three OSUs filled with 100 mL culture medium were inoculated 
with one shoot (line 3310) in each sampling unit. Each headspace was 
successively analyzed during 3 weeks. Sampling started one day after 
inoculation. Analyses were performed for 30 min with a PDMS fiber and only 
from 8.30 till 17 h. Figure 4.2. presents the emission changes of the 
monoterpenes α-pinene (A), m-cymene (B), 2-carene (C) and β-phellandrene 
(D) expressed in ppb (calculated with conversion of Table 4.4.) in function of 
time.  
 
Figure 4.2.  The variation of emissions of four monoterpenes: (A) α-pinene, (B) 
m-cymene, (C) 2-carene and (D) β-phellandrene over a 3 week 
period determined by regular sampling for 30 min with the PDMS 
fiber in an OSU 
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From Figure 4.2. it is evident that the amount of VOCs emitted by the plant is 
certainly time dependent, and the general emission-rise perceived for the 
monoterpenes correlated with the visual observation of root formation (after 
approx. 1 week). From this point on the growing shoot was able to withdraw 
nutrients present in the medium in a more efficient way and started growing 
much faster and this correlated with an increased emission of volatiles. The 
concentrations measured in the headspace ranged from 1 ppb (α-pinene and  
m-cymene) to 10 ppb (2-carene and β-phellandrene) after 3 weeks in culture 
(Figure 4.2.). Buttery et al. (1987a) also found that β-phellandrene was present 
inside the leaves with the highest concentration (25 ppmv). Even linalool was 
found in undamaged leaves at a concentration of 0.03 ppmv. 
Sesquiterpenes were detected in smaller amounts during the 3 weeks sampling 
period but they did not show a clear trend (data not presented). The 
sesquiterpene with the highest response was β-caryophyllene (Figure 4.1.) and 
the highest detected concentration was 0.03 ppb. Buttery et al. (1987a) also 
found this compound present inside the leaves of tomato plants with the highest 
concentration (3.1 ppmv). 
After 3 weeks the plants had outgrown the sampling unit and totally filled the 
free space of the sampling unit making further measurements impossible. 
All monoterpenes sampled in the 3 sampling units showed similar emission 
profiles in function of time. Variations in absolute amounts (up to 40%) for each 
compound in the individual sampling units are probably a consequence of 
differences in the amount of biomass. These variations can not be excluded 
although many factors (temperature, RH, photoperiod, light intensity, shoot 
length, monoclonal shoots, sampling unit, culture medium) are controlled and 
uniform during in vitro culture of shoots. Bartelt (1997) concludes that 
variations up to 25% are very acceptable when measuring biological volatiles. 
The emission of terpenes by tomato plants is often associated with specialized 
secretory structures such as trichomes. The dissimilarity in emission of mono- 
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and sesquiterpenes suggests a different compartmentalization in the synthesis of 
C10 compared with C15 metabolites (Barbier-Brygoo et al., 1997; Charron et al., 
1995). The different biosynthetic pathways are illustrated in Figure 1.1. 
The trend in Figure 4.2. is representative for the growth of tomato plants under 
controlled conditions of light, RH and temperature. The response can change if 
one of these factors is changed. 
4.3.5. Permanent gasses and ethylene in headspace 
The analysis of the permanent gasses was performed with a catharometer 
(2.2.2.) and ethylene was sampled with a DI 200 (2.2.1.3.).  
No major differences were measured for the permanent gasses in the OSUs 
during the first 3 weeks. The CO2 concentration never exceeded 0.1% and the  
O2 concentration was between 20% and 23%, which corresponds with the 
average values measured in the laboratory atmosphere. In vitro shoots are 
considered to have a very limited photosynthetic ability (De Riek et al., 1991). 
The C2H4 concentration increased slowly during the 3 weeks period with a mean 
production of 0.9 nmol C2H4.d-1.shoot-1 and a maximum concentration of  
0.7 ppmv at the end of the 3 weeks. This is the general trend found during in 
vitro culture of several plant species. After 3 weeks concentrations of 0.5 ppmv 
were found for Rosa shoots (Matthijs et al., 1993); 1 ppmv for Magnolia shoots 
(De Proft et al., 1985) and 2 ppmv for Prunus shoots (Demeester et al., 1995). 
The accumulation of volatile compounds such as CO2 and C2H4 is in part 
dependent on the type of closure of the sampling unit (De Proft et al., 1985). 
4.3.6. Day-night pattern of the emission of organic volatiles 
In order to follow the evolution in the headspace ‘every minute’, the set-up was 
changed to automated static sampling by means of a robotic arm. The robotic 
arm sampled continuously during day and night for almost 3 days. The 
headspace was analyzed with a PDMS fiber. Sampling time was increased from 
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30 min (4.3.2.) to 60 min because during this experiment, the headspace could 
be analyzed day and night, therefore the factor of taking as much samples as 
analytically possible during the day, was not a problem anymore. The fiber was 
allowed to stay in the headspace until full equilibration of all volatiles. 
The desorption time was 5 min, therefore sampling occurred every 65 min. 
A FSU was inoculated with one shoot (line 3310) and allowed to grow under 
complete controlled environmental conditions for 3 weeks before the experiment 
started. The headspace in the FSU is larger compared to the OSU; as a 
consequence the plants can be cultured for a longer time before reaching the top 
of the sampling unit (after 5 weeks). For the OSU, this was already the case after 
3 weeks. 
The robotic arm was located at the department of organic chemistry and 
therefore the plants had to be transported. At this department no culture room 
was available, therefore the temperature and relative humidity could not be 
controlled, but the 16 h photoperiod was maintained. The PAR was  
70 µmol.m-2.s-1. The temperature inside the room was 25°C (± 1°C) and the 
relative humidity inside the sampling unit was almost 100%. 
The day-night patterns of the monoterpenes β-phellandrene and 2-carene are 
depicted in Figure 4.3. 
The emission pattern of monoterpenes was dropping continuous. This was rather 
surprising because the general trend of in Figure 4.2. allowed to expect an 
increasing emission when the shoot was 3 weeks old. Before this experiment, 
the shoot was grown under controlled environmental conditions for 3 weeks and 
transported to the department of organic chemistry just before the experiment 
started. The transportation and different environmental conditions during the 
experiment, are 2 possible explanations for the different behavior of the 
monoterpenes. Probably it would have been better to perform this experiment 
without all these perturbations, under completely controlled environmental 
conditions, but this was analytically not possible. 
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Figure 4.3.  Day-night pattern of the monoterpenes β-phellandrene (A) and  
2-carene (B) in function of time. The plant was 3 weeks old when 
sampling started. Sampling occurred for 60 min with a PDMS fiber. 
The full vertical lines represent the 16 h photoperiod. The nights are 
indicated with a moon 
 
The day-night patterns of the sesquiterpenes β-caryophyllene and α-copaene are 
depicted in Figure 4.4. 
The sesquiterpenes did not show a clear trend when measured only during the 
day (4.3.4.). When measured during night and day a different trend was seen for 
α-copaene which could not be detected for β-caryophyllene (Figure 4.4.). Also 
the other sesquiterpenes δ-elemene and α-humulene showed a trend comparable 
to β-caryophyllene (data not presented).  
α-Copaene showed an emission profile that was slightly increasing during the 
day and dropping during the night (Figure 4.4.), which suggests that α-copaene 
needs light to be produced and/or emitted. The emission pattern of the other 
sesquiterpenes was comparable to the monoterpenes, which was dropping 
continuous.  
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Figure 4.4.  Day-night pattern of the sesquiterpenes β-caryophyllene (A) and  
α-copaene (B) in function of time. The plant was 3 weeks old when 
sampling started. Sampling occurred for 60 min with a PDMS fiber. 
The full vertical lines represent the 16 h photoperiod. The nights are 
indicated with a moon 
 
The same experiment was repeated with a younger tomato shoot (8 and 15 days 
old) compared to the above experiment (21 days old).  
The environmental conditions in the room were not ideal for sampling due to 
extreme summer conditions. The temperature rose to 31°C (± 2°C) during the 
first week and to 26°C (± 2°C) during the second week. Even at night the lowest 
temperature was 29°C and 24°C for respectively the first and second week. The 
light intensity was 70 µmol.m-2.s-1.  
The headspace was continuously analyzed for 3 days when the shoot was 8 and 
15 days old. The same mono- and sesquiterpenes were found as in the above 
experiment with a comparable emission profile. We focus on the sesquiterpene 
α-copaene. Figure 4.5. presents the day-night emission pattern of α-copaene 
when the shoot was 15 days old. 
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Figure 4.5.  Day-night pattern of the sesquiterpene α-copaene in function of 
time. The plant was 15 days old when sampling started. Sampling 
occurred for 60 min with a PDMS fiber. The full vertical lines 
represent the 16 h photoperiod. The nights are indicated with a 
moon 
 
The emission profile of α-copaene was increasing during the day and dropping 
during the night (Figure 4.5.). The same profile was found for the 8 days old 
shoot (data not presented) as for the 15 days old shoot. This profile could not be 
found for any other sesqui- or monoterpene. It was questioned whether this 
extreme coincidence between light conditions and α-copaene emissions could be 
due to the absence of accurate temperature control (Pham-Tuan et al., 2001). 
This was probably not the case because the response of the PDMS fiber is higher 
at lower temperatures (Nilsson et al., 1996), therefore the response should be 
higher at night. Moreover the other sesquiterpenes did not follow this particular 
profile therefore the emission profile of α-copaene is probably linked with the 
biosynthesis of the compound. The behavior of this compound will be studied 
further in more detail in Chapter 5 (5.3.4.). 
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4.3.7. Volatile emissions of different monogenic tomato lines of 
  ‘Moneymaker’ and volatile emissions of ‘Pyros’ 
FSUs were inoculated each with 1 monogenic tomato shoot from lines MO, 
2819 or 2821 and sampled with a PDMS fiber for 30 min on a HP 5890.  
The monogenic shoots tested gave no differences at all (data not presented) 
compared to line 3310 (Figure 4.1.).  
The volatile emissions of another cultivar of tomato was analyzed, namely 
‘Pyros’. The plant was 2 weeks old when sampled. The culture conditions are 
the same as for ‘Moneymaker’. The headspace was sampled with a PDMS fiber 
for 30 min and analyzed with GC-MS (Figure 4.6.). The peak numbers are the 
same as identified in Table 4.2. and Table 4.3. 
 
 
Figure 4.6.  Headspace profile of a 2 weeks old ‘Pyros’ shoot. Sampling 
occurred for 30 min with a PDMS fiber and was analyzed with GC-
MS. The peak numbers correspond to the numbers and compounds 
given in Tables 4.2. and 4.3. 
 
When comparing this chromatogram (Figure 4.6.) with the one of the shoot from 
line 3310 (Figure 4.1.) no new compounds were discovered. The same 
monoterpenes were found for ‘Pyros’ as for ‘Moneymaker’ but all the emitted 
compounds were quantitatively higher for ‘Pyros’. The sesquiterpenes  
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β-caryophyllene and α-humulene are emitted to a higher extent and the 
sesquiterpene α-copaene to a lesser extent than ‘Moneymaker’.  
In conclusion the headspace profiles for the two tomato cultivars tested, were 
practically the same, only quantitative differences occurred. Other authors 
confirmed that the composition of volatiles inside the leaves was generally 
similar qualitatively and quantitatively for the major compounds with some 
quantitative differences for the minor compounds in varieties of Lycopersicon 
esculentum (Andersson et al., 1980; Buttery et al., 1987a). In contrast, L. 
peruvianum and L. hirsutum showed very different compound patterns 
(Andersson et al., 1980; van der Hoeven et al., 2000). 
4.3.8. The behavior of monoterpenes in a sampling unit with an in 
   vitro grown tomato plant 
The intra-day decrease of monoterpenes emitted by shoots, especially near the 
end of week 3 in Figure 4.2., was much steeper than illustrated in Figure 3.7. for 
a sampling unit without shoot but with culture medium. This suggested that 
extra sorption was caused by the plants themselves (Welke et al., 1998). The 
behavior of the volatiles in the headspace of sampling units with a shoot, is 
important for later experiments in which compounds will be added that are not 
produced by the shoot itself when the shoot is not stressed. 
In a first experiment extra α-pinene was added to the headspace. Three FSUs 
were inoculated with a tomato shoot from line 3310 and 3 FSUs were filled with 
culture medium but without a shoot. The six vials were filled with 1 mL  
α-pinene and left for equilibration for 1 day. Each FSU was spiked with 1 mL 
headspace of α-pinene from a different vial when the shoots were 3 weeks old. 
Two days of stabilization (during this time the shoots already started to take up 
the added compound) were allowed before measurements started.  
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The concentration of α-pinene in the different sampling units was followed by 
30 min sampling with a PDMS fiber and analyzed on a HP 5890 (2.2.1.2.) 
(Figure 4.7.).  
A significant difference was statistically proved between the sorption of  
α-pinene by the plant-containing unit compared with a sampling unit with only 
medium.  
 
 
Figure 4.7.  Concentration of α-pinene (ppb) in FSUs with medium but without 
shoot (A) and with shoot (B) in function of time. Maximum error 
bar which represents the standard deviation is included (n = 3) 
 
Comparable experiments were preformed with p-cymene and terpinolene. These 
monoterpenes were only emitted in very small amounts by tomato shoots. 
After 5 days of stabilization only one tenth of p-cymene was found in the 
headspace of the sampling units with shoot, compared to the sampling units with 
only culture medium (data not presented). During the stabilization period of  
5 days, the shoots already took up most of the added compound.  
The behavior of terpinolene (data not presented) was comparable with  
α-pinene (Figure 4.7.). 
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In conclusion, all tested compounds disappeared after 3 weeks and no new 
compounds could be found as a reaction of the shoot to the supply of the 
volatiles. 
 
4.4. Conclusion 
The whole spectrum of emissions was analyzed for an undamaged tomato plant, 
including the permanent gasses and ethylene. 
It was demonstrated that unstressed tomato plants have a typical headspace 
profile which consists of organic compounds. The VOCs can be divided into  
2 major groups: the monoterpenes and the sesquiterpenes. The concentrations of 
monoterpenes measured in the headspace ranged from 1 ppb (α-pinene and  
m-cymene) to 10 ppb (2-carene and β-phellandrene) after 3 weeks in culture in 
an OSU. Sesquiterpenes were detected in smaller amounts during the 3 weeks 
sampling period.  
The day-night emission pattern of mono- and sesquiterpenes was dropping 
continuous with exception of the sesquiterpene α-copaene. This compound 
increased during the day and dropped during the night. The behavior of  
α-copaene will be studied further in more detail in Chapter 5. 
The headspace profiles of the 2 tomato cultivars tested (‘Moneymaker’ and 
‘Pyros’) were practically the same, only quantita tive differences occurred. 
When a volatile compound was supplemented to the headspace of a sampling 
unit with tomato shoot, every ‘extra’ added part was withdrawn by the shoot and 
had disappeared after 3 weeks. 
Variations (up to 40%) can not be excluded although many factors are controlled 
and uniform during in vitro culture of shoots. 
Now the ‘normal’ behavior of the tomato shoots in the sampling units is known, 
experiments with different stress factors can be started. 
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Chapter 5. Volatiles produced by artificially stressed 
        in vitro grown tomato plants 
5.1. Introduction 
In this chapter the volatiles produced by artificially stressed in vitro grown 
tomato plants will be studied. Light and mechanical wounding are two factors 
(1.3.4.), which influence the volatile emissions from plants. 
Early stages of plant damage are characterized by the release of C6 volatiles and 
some plant-specific constitutive compounds (Buttery and Kamm, 1980; 
Loughrin et al., 1994; Röse et al., 1996; Turlings et al., 1995).  
Cis-3-hexenol and other oxygenated hydrocarbons are difficult to measure. Cis-
3-hexenol is lost rapidly from the atmosphere through either deposition or 
decomposition. Oxygenated hydrocarbons often stick to container walls and 
when trapped on adsorbents, cis-3-hexenol is easily destroyed when the trap is 
heated to release the leaf alcohol into the measuring instrument (Sharkey, 1996). 
The compounds we focus on in this chapter are the C6 volatiles and terpenes for 
the wounding experiments and the mono- and sesquiterpenes for the experiment 
with constant light as a stress factor. 
Preliminary experiments were carried out with a fragment of glass (with sharp 
ends) hanging inside the sampling unit. The sampling unit was inoculated with 
one tomato shoot. The shoot was wounded by shaking the sampling unit, with 
inside the fragment of glass which brook the trichomes and cut the leaves in 
pieces. Shaking of the sampling unit resulted in higher emissions of C6 volatiles 
and terpenes, but it was not clear if the emitted compounds were induced by 
wounding, caused by the fragment of glass, or by shaking the sampling unit. 
Therefore the tomato plants were artificially stressed with a forceps and with 
endoscopic pliers, without shaking the sampling units.  
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5.2. Specific materials and methods 
5.2.1. Plant material and culture medium 
Tomato shoots from line 3310 were used for all experiments, with exception of 
the wounding experiment with forceps (OSU) where shoots from lines 2821 and 
2819 were used (Table 2.1.). Two other tomato lines were used to test if those 
shoots, compared to the shoots from line 3310, emitted other compounds when 
wounded. 
Dry weight (DW) was determined by drying for 24 h at 70°C. 
The same M.S. culture medium (2.1.1.1.) was used for all the experiments and 
will be called culture medium. The culture medium was sterilized as described 
in 3.3.1.2. 
5.2.2. Sampling unit 
The 3 different sampling units described in Chapter 3 were used for these 
experiments. They were cleaned and sterilized as described in Table 3.1.  
5.2.3. Test chemical, vials and syringes 
The polar test chemical cis-3-hexenol was purchased from Acros. Vials and 
syringes as described in 3.2.2. 
5.2.4. Concentration of the apolar compounds in the headspace 
See 4.3.3. 
5.2.5. Endoscopic pliers 
Hartmann pliers (Figure 5.1.) are of stainless steel and designed for endoscopic 
surgery (Medicare, Gent, Belgium). They are 20 cm long; the pliers themselves 
Chapter 5. Volatiles produced by artificially stressed in vitro grown tomato plants 
 91 
are 1 cm long. They can be put inside the sampling unit through a hole in the 
septum at the top of the sampling unit.  
 
 
Figure 5.1.  Endoscopic pliers with close-up 
5.2.6. Wounding with forceps and endoscopic pliers 
The forceps and endoscopic pliers were used to squeeze the leaves of the in vitro 
tomato plants to cause local wounding. The squeezing occurred approx. 20 times 
per minute for a certain time (specified for each experiment separately) and the 
total leaf area was squeezed before the next leaf was wounded. One leaf was 
wounded for approx. 5 min. 
5.2.7. Gas chromatographs 
5.2.7.1. Most experiments 
During most experiments a HP 5890 was used (2.2.1.2.). 
5.2.7.2. Experiment with endoscopic pliers (final sampling unit) 
For this experiment GC-MS, as described in 2.2.1.1., was used but a few 
adaptations were needed.  
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The GC oven was operated isothermally at 40°C for 7 min, whilst the MSD was 
operated in the selective ion mode (target ions 55 and 57) in order to achieve the 
highest sensitivity for the C6 volatiles. The headspace was sampled with a PA 
fiber for 5 min and compounds were desorbed during 2 min.  
For this experiment we focused on the polar compounds. The PA fiber possesses 
a higher affinity for the polar compounds compared to the PDMS fiber. A 
sampling time of 5 min is enough to reach equilibrium because we didn’t have 
to wait until the equilibrium for the apolar terpenes was reached. For headspace 
sampling of water samples with a PA fiber Matisová et al. (1999) found an 
optimal exposure time of 10 min as a compromise between the time of analysis 
and attaining equilibration between the polymeric phase and the headspace. The 
polar compounds tested were butyl acetate, n-butanol, ethyl acetate, n-propanol 
and methyl acetate. A desorption time of 2 min was also applied by these 
authors. 
The headspace was sampled every 10 min. 
5.2.7.3. Experiment with constant light as stress factor (final sampling 
             unit) 
A HP 6890 equipped with FID and with a robotic arm (4.2.4.) for automated 
static sampling was used. 
5.2.8. Environmental conditions 
The environmental conditions in the culture room are given in Table 5.1. and are 
different from these in Table 4.1. The RH was lowered because the amount 
sorbed by the fiber coating is increasing with a lower RH and a lower 
temperature (Nilsson et al., 1996). The photoperiod was 16 h. The parameters 
were measured with a data logger (2.5.). 
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Table 5.1.  Environmental conditions inside sampling unit 
Climate control day night 
temp of medium (°C) 20 23 
temp of headspace (°C) 26 23 
RH (%) 75 100 
PAR (µmol.m-2.s-1) 60 0 
 
No climate control was available for the 2 experiments which were performed at 
the laboratory of organic chemistry (5.3.3.2. and 5.3.4.). The temperatures 
during these experiments are presented for each experiment separately. The 
photoperiod of 16 h (5.3.3.2.) or 24 h (5.3.4.), the only environmental factor 
controlled during these experiments, was achieved by a set of 4 fluorescent 
lamps (Osram L36W/21) with a time-controlled power switch. The PAR was  
70 µmol.m-2.s-1. 
 
5.3. Results and discussion 
5.3.1. Calculation of the headspace concentration of the polar 
   organic compounds 
In order to get an idea of the headspace concentration when sampled with a PA 
fiber, C0 was calculated with the formula described in materials and methods 
(2.3.2.1.) (Pawliszyn, 1997):  
( )
hffh
hffh
0 VVK
VVKnC +=  
with  Vf = 0.523 10-9 m3 (PA-fiber) = 0.5 10-3 mL 
  Vh = 521 mL for an OSU filled with 100 mL of culture medium 
  n (g): see 5.3.1.1.  
Kfh (without dimension): see 5.3.1.2.  
C0 (ppb): see 5.3.1.3. 
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5.3.1.1. Factor n 
The amount sorbed on the fiber (n) was determined by filling three vials with a 
solution of 3 µL cis-3-hexenol in 10 mL methanol. 1 µL of this solution was 
injected in a HP 5890 and the mean of the FID responses was calculated.  
The factor n was determined for cis-3-hexenol and 1 ng cis-3-hexenol 
corresponded with a mean FID response of 30 (area).  
5.3.1.2. Fiber/headspace distribution constant 
The fiber/headspace distribution constant Kfg was determined for the PA fiber 
with the experimental method as described in 2.3.2.2. for the temperature of 
25°C (Zhang and Pawliszyn, 1993): 
Kfg = 
fg
gf
VA
VA
 
 with:  Af: area of headspace analysis with PA fiber 
           Ag: area of direct gas injection 
           Vg: volume of sample headspace (20 µL) 
Vf: volume of PA fiber (0.5 µL) 
 
Four vials were filled with 1 mL of a solution of 50 µL cis-3-hexenol in 10 mL 
methanol. A gas sample of 20 µL was injected in a HP 5890 and the headspace 
of the vial was analyzed for 30 min with a PA fiber. Kfg was calculated as 575 at 
25°C. This value seems acceptable when compared with the results of Nilsson et 
al. (1996), who found a Kfg of 195 for acetone and a Kfg of 8700 for the 
monoterpene β-myrcene, both for a PA fiber and determined with the same 
method we used. Our value for the C6 volatile cis-3-hexenol is between the 
value for acetone (C3) and β-myrcene (C10). Song et al. (1997) determined 
experimentally the Kfg of 1-hexanol as 2.1 * 105 with a PDMS fiber. This value 
seems much too high compared with our result for cis-3-hexenol; because a 
higher response was obtained for the polar compounds with a PA fiber 
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compared to a PDMS fiber (Miller and Stuart, 1999; Nilsson et al., 1996). 
Therefore it was expected that the Kfg of a polar compound for a PDMS fiber 
was lower compared to a PA fiber. 
5.3.1.3. Calculation of the headspace concentration 
Sampling unit without tomato shoot 
If the FID response on a HP 5890 is 100 (area), the headspace concentration  
C0 (ppb) of cis-3-hexenol in an OSU filled with 100 mL of culture medium, is 
calculated as 11 ppb. 
The same conversion (FID response ⇒ headspace concentration) will be used 
for the concentration of hexanal in the headspace. 
Sampling unit with tomato shoot 
The conversions calculated for a sampling unit without tomato shoot will also be 
used for the calculation of the headspace concentration of C6 volatiles emitted 
by tomato shoots when analyzed with a HP 5890. 
This conversion gives an idea of the concentration found in the headspace of the 
tomato shoots but the same remarks should be taken into account as for the 
apolar compounds (4.3.3.3.). 
5.3.2. Artificial wounding with forceps 
5.3.2.1. Original sampling unit 
Single plants of two tomato lines, 2819 and 2821, were each inoculated in an 
OSU. After 2 weeks the shoots were wounded by squeezing the leaves in a 
laminar flow with a forceps for 20 min. After wounding, the sampling units 
were closed and sampled for 30 min with a PDMS fiber to follow the emission 
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of apolar terpenes. All terpenes showed a higher emission (Table 5.2.) and no 
difference could be detected between the 2 tomato lines (data not presented).  
 
Table 5.2.  Headspace concentrations of undamaged and damaged tomato 
   shoots 
Compound undamaged (ppb) damaged (ppb) 
α-pinene 1.4 8 
m-cymene 0.4 2 
2-carene 7 50 
β-phellandrene 
β-caryophyllene 
14 
0.03 
110 
0.5 
 
Mechanically damaged plants emit the same compounds as undamaged plants 
but in larger quantities and lasting longer (Dicke et al., 1998). The higher 
emission of compounds did not last very long during our experiments because 
one day after wounding the headspace concentrations dropped to the levels of 
unstressed shoots (cf. Figure 4.2.). The fast drop has to be attributed to the shoot 
because the compounds dropped much faster compared to the sampling units 
with only culture medium and no shoots in it (see behavior of monoterpenes in a 
sampling unit with tomato shoot: 4.3.8.). Similar results were found during 
dynamic sampling experiments with Hedera helix. The sharp increase of terpene 
emissions after mechanical wounding returned to their initial background levels 
within a time of 5 to 8 h for the mono- and sesquiterpenes, respectively 
(Vercammen et al., 2001). 
Artificial damage alone does not elicit the release of significant amounts of 
induced compounds (Röse et al., 1996). Also during our experiments, induced 
compounds could not be detected immediately or one day after wounding. 
Although corn seedlings emitted linalool, DMNT, indole, β-farnesene and 
TMTT, in very small amounts, one day after being artificially damaged for 2 h 
with a razor blade (Turlings et al., 1990).  
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5.3.2.2. Modified sampling unit 
Two MSUs were inoculated each with one tomato shoot from line 3310.  
The apolar and the polar emissions were determined. This time a MSU was used 
because the more polar compounds can be detected with more precision in this 
sampling unit.  
When the shoot in the first MSU was 2 weeks old, the leaves were squeezed 
with a forceps for 20 min to wound the shoot. After wounding the sampling unit 
was closed and sampled for 30 min with a PDMS fiber. No differences in 
emission pattern could be detected between the shoot from line 3310 and the 
shoots from lines 2819 and 2821 for the apolar terpenes; this was expected 
according to the results of the experiment described in 5.3.2.1. Only small 
differences in concentration were measured (data not presented).  
In conclusion, monogenic lines emit the same apolar compounds when 
artificially damaged compared to undamaged tomato shoots. McAuslane and 
Alborn (1998) investigated two isogenic lines of cotton, which differed in the 
presence of pigment glands; they were mechanically damaged. Their headspace 
profile was only different to a small extent for the release of mono- and 
sesquiterpenes which was only small for glandless plants compared to glanded 
plants. 
Volatile aldehyde production is generally regarded as a response to wounding or 
tissue disruption (Riley and Thompson, 1998). Therefore the headspace was also 
sampled with the PA fiber to detect if more polar compounds were emitted. 
The shoot in the second MSU (also 2 weeks old) was wounded by squeezing the 
leaves with a forceps for 20 min. After wounding the sampling unit was closed 
and sampled for 30 min with the PA fiber. In contrast to what was expected, no 
C6 volatiles could be detected. This could be explained by the fact that the 
sampling unit was opened to wound the shoot with the forceps and the  
C6 volatiles were emitted immediately. A part of the volatiles already 
disappeared through the atmosphere and the other part could be sorbed by the 
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shoot during the 30 min sampling. It demonstrates that oxygenated 
hydrocarbons are difficult to measure (Sharkey, 1996). 
After these experiments the permanent gasses and ethylene were measured (data 
not presented) and the values were comparable with the ones of the undamaged 
tomato plants (4.3.5.). 
5.3.3. Artificial wounding with endoscopic pliers 
To overcome the problem of opening the sampling unit for wounding, 
endoscopic pliers were applied in such a way that it was not necessary anymore 
to open the sampling unit to wound the in vitro grown plants. 
5.3.3.1. Modified sampling unit 
Two shoots from line 3310 were each inoculated in a MSU. After 1 week the 
endoscopic pliers were placed inside the sampling units. The MSUs were not 
opened anymore until the end of the experiment; therefore the compounds 
emitted immediately after wounding will be trapped. The shoots were allowed to 
grow for 4 weeks before wounding started.  
During these experiments we were only interested in the emission pattern of the 
C6 volatiles therefore the sampling time of the first analysis could be shorter 
than 30 min; the second and following samplings took place for 30 min because 
we had to wait until the GC oven had cooled down from the first analysis. 
Therefore it was analytically not possible to shorten the sampling time. The 
concentrations were calculated as described in 5.3.1.3. 
The shoot in the first MSU was wounded for 20 min with the endoscopic pliers, 
which means that 4 leaves were squeezed. During this wounding period the 
headspace was sampled (during 20 min) with a PA fiber. As a result two little 
peaks appeared, previously identified as hexanal (6 ppb) and cis-3-hexenol (not 
integrated). After wounding, the headspace was immediately sampled for 30 min 
with a PA fiber and gave a larger peak for cis-3-hexenol (44 ppb) but hexanal 
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had already disappeared. One day after wounding no polar compounds could be 
detected anymore with a PA fiber.  
In order to determine the emission pattern during and after wounding in more 
detail, the wounding time was shortened to only 5 min (squeezing of one leaf). If 
the plant was wounded for 5 min and headspace was sampled during this 
wounding period with the PA fiber, only a peak for hexanal (28 ppb) appeared. 
Immediately sampling for 30 min after the wounding had stopped, gave only a 
peak for cis-3-hexenol (517 ppb). One day later no polar compounds were 
detected anymore. It should be noted that the plant is less active in this MSU 
because of a lack of nutrients; only 13 mL of culture medium was present at the 
start of the experiment and the culture medium was quickly dehydrated. 
After these experiments the permanent gasses and ethylene were measured (data 
not presented) and the values were comparable to the ones of the undamaged 
tomato plants (4.3.5.). 
5.3.3.2. Final sampling unit 
Because the emission pattern of C6 compounds was not very clear using a MSU 
and a HP 5890, a similar experiment was performed with a FSU and GC-MS 
with sampling for only 5 min.  
The emission pattern of polar compounds could be illustrated using 3 FSUs, 
each inoculated with a tomato shoot from line 3310. The shoots were allowed to 
grow under controlled environmental conditions for 3 weeks. After 3 weeks the 
FSUs were transported to the laboratory of organic chemistry and the 
environmental conditions were not controlled any longer. The temperature 
inside the room was 25°C (± 2°C). 
The shoots were wounded with endoscopic pliers for 12 min (3 leaves were 
squeezed). The changes in emission of cis-3-hexenal and cis-3-hexenol before, 
during and after wounding are shown in Figure 5.2. 
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Figure 5.2.  Emission pattern of cis-3-hexenol and cis-3-hexenal before, during 
and after wounding of a 3 weeks old tomato shoots from line 3310; 
the rectangle represents the wounding period (DW = dry weight)  
(n = 3) 
 
No C6 volatiles were detected in the FSU before wounding started (Figure 5.2.). 
This was expected because the C6 volatiles are typically emitted after 
mechanical wounding (Buttery et al., 1987a). During and after wounding cis-3-
hexenol and cis-3-hexenal were detected. Hexanal, which was found on a  
HP 5890, was not detected with GC-MS. According to Croft et al. (1993) the  
C6 compounds originated from the degradation of cell wall fatty acids. Minor 
amounts of trans-2-hexenal and cis-3-hexenol were detected after artificial 
wounding of Hedera helix (Vercammen et al., 2001). In conclusion, the volatiles 
emitted after artificial damage are influenced by the plant species. 
The complete experiment was also carried out using an OSU but in this case a 
ca. 7-fold loss of sensitivity occurred (on a per DW basis) (data not presented), 
which proved the necessity of the adaptations made to the sampling units.  
5.3.4. Continuous light as stress factor 
The experiments concerning the day-night pattern of tomato shoots showed that 
α-copaene accumulated only during the day (Figures 4.4. and 4.5.).  
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The experiment described in 4.3.6. was repeated with continuous light as stress 
factor to check if the typical emission profile of α-copaene was due to light 
which was needed for its biosynthesis.  
The FSU was inoculated with a shoot from line 3310 and allowed to grow under 
controlled environmental conditions for 1 week. After one week the sampling 
unit was transported to the laboratory of organic chemistry and the 
environmental conditions were not controlled any longer. The temperature 
inside the room was 27°C (± 2°C). The shoots were stabilized overnight before 
the experiments started. 
When the shoot was 8 and 15 days old, the sampling unit was analyzed during  
3 days. The headspace was analyzed with a PDMS fiber for 60 min to allow full 
equilibration. The headspace could be analyzed day and night, therefore the 
factor of taking as much samples as analytical possible during the day was not 
that important anymore. The desorption time was 5 min therefore sampling 
occurred every 65 min. 
The emission pattern of the monoterpenes during the 2 sampling periods (data 
not presented) was similar to Figure 4.3. In conclusion, the constant light did not 
influence the emission pattern of the monoterpenes. 
The emission patterns of the sesquiterpenes β-caryophyllene and α-copaene are 
presented in Figure 5.3. The plants were 2 weeks old when sampling started. 
The same results were found during the first sampling period with a 1 week old 
plant (data not presented). The sesquiterpenes δ-elemene and α-humulene were 
emitted in very small amounts and did not show a clear trend (data not 
presented). 
A remarkable increase of α-copaene was detected in contrast with the other 
sesquiterpene β-caryophyllene. After more then 1 week in constant light  
(Figure 5.3.) the mean FID response of α-copaene (12 * 106) had more then 
doubled the mean response of β-caryophyllene (5 * 106). This was never the 
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case with unstressed plants; β-caryophyllene was always the most emitted 
compound (4.3.4.) and the compound with the highest concentration inside 
tomato leaves (Buttery et al., 1987a).  
 
 
Figure 5.3.  Emission pattern of the sesquiterpenes β-caryophyllene (A) and  
α-copaene (B) in function of time. The headspace was analyzed for 
60 min with the PDMS fiber. The shoot was 2 weeks old and one 
week in continuous light when sampling started 
 
In contrast to constant light, the floral emissions jasmine plants, left 
continuously in the dark, dropped constantly. Under 16 h photoperiod, the 
emissions were higher during the day (Vercammen et al., 2001). 
It is evident from Figure 1.1. that mono- and sesquiterpenes have a different 
biosynthetic pathway, but it is not reported if α-copaene has a biosynthetic 
pathway different from the other sesquiterpenes. The biological significance of 
α-copaene remains unknown (Nishida et al., 2000). 
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5.4. Conclusion 
Apolar mono- and sesquiterpenes were detected immediately in higher 
concentrations after mechanical wounding of in vitro grown tomato plants 
compared to undamaged tomato shoots. The emission quickly dropped to the 
original levels when wounding stopped. No induced compounds could be 
detected after mechanical wounding and no differences in emission pattern were 
detected between different monogenic tomato lines. 
C6 volatiles were not emitted by unstressed tomato shoots. When the shoots 
were wounded with endoscopic pliers, the detected C6 volatiles were hexanal, 
cis-3-hexenol and cis-3-hexenal. These volatiles appeared quickly after 
wounding and could not be detected anymore one day after wounding. 
It was confirmed that the FSU was the most reliable sampling unit for the 
detection of polar compounds. A 7-fold loss of sensitivity occurred when the 
same experiment was performed with an OSU. 
Continuous light as stress factor induced constant emission of the sesquiterpene 
α-copaene. This behavior was not detected with any other emitted sesquiterpene 
or with a monoterpene. We suggest that α-copaene needs light for its 
biosynthesis but further experiments are necessary. 
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Chapter 6. Supplementing stress related compounds  
6.1. Introduction 
The hormonal type of action of jasmonates (JA or MeJA) is now well 
documented, and they induce reactions inside plants, when supplied to leaves, 
roots or cells (1.3.11.). The application of jasmonates in low concentrations to 
leaves of tomato plants induced the same protein responses inside the leaves as 
does Helicoverpa zea feeding (Thaler et al., 1996). JA can be taken up through 
the roots and distributed to tomato leaves, where it induces synthesis of 
proteinase inhibitor proteins (Farmer et al., 1992). Addition of JA to the culture 
medium resulted in a decrease of chlorophylls and carotenoids in in vitro potato 
plantlets (Kovaè and Ravnikar, 1998). Supplementing high concentrations of 
MeJA to roots or JA to leaves of tobacco plants, induced nicotine concentrations 
inside the leaves comparable with artificial wounding (Baldwin, 1998; Zhang 
and Baldwin, 1997). Jasmonates trigger the biosynthesis of secondary defense 
compounds in plant cell suspension cultures (Gundlach et al., 1992). 
 
Besides the reactions induced inside the plants, jasmonates also induce volatile 
emissions. Application of jasmonic acid to Phaseolus lunatus and Zea mays 
leaves was associated with increased production of volatile homoterpenes 
(Hopke et al., 1994). Potato plants treated with MeJA induced biosynthesis of 
odorants and increased the attractiveness to female Colorado potato beetles 
(Landolt et al., 1999). 
 
In this chapter the volatile emission pattern of in vitro cultured tomato shoots to 
supplementing JA (to leaves or roots) or MeJA (to the headspace) is studied. 
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6.2. Specific materials and methods 
6.2.1. Plant material and culture medium 
Tomato shoots from line 3310 were used for all experiments.  
The same M.S. culture medium (2.1.1.1.) was used for all experiments and will 
be called culture medium. The culture medium was sterilized as described in 
3.3.1.2. 
6.2.2. Sampling unit 
FSUs were used for all experiments. They were cleaned and sterilized as 
described in Table 3.1. 
6.2.3. Environmental conditions 
The environmental conditions in the culture room are the same as given in  
Table 5.1. 
6.2.4. Jasmonic acid, methyl jasmonate and syringes 
JA and MeJA were purchased from Sigma-Aldrich (Bornem, Belgium). JA was 
kept as a stock solution of 250 mM JA in ethanol at –18°C (Kenton, 2000).  
Syringes are as described in 3.2.2. 
Three treatments were applied for JA (1 mL each): 1 µmol JA was added with a 
sterile pipette to the culture medium (poured into the hole at the bottom of the 
FSU); 1 µmol JA was added to the leaves by spraying with a pipette; or as 
reference 1 mL of sterile water was added to the leaves. 
MeJA was not supplied direct onto the shoots. It vaporized in the headspace at 
room temperature and then it was taken up by the shoots. During preliminary 
experiments MeJA was supplied on cotton wicks (method adapted after 
Constabel and Ryan, 1998) but the cotton wicks in se gave too much 
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background noise therefore MeJA was supplied in Schott beakers. The Schott 
beakers of 5 mL (Vel) could be cleaned and sterilized as described in Table 3.1.  
Different concentrations of MeJA (1 µL each) were supplied in Schott beakers: 
0.4 µmol, 1.5 µmol and 4.6 µmol. One µL ethanol was supplied for the 
reference. The beakers were brought inside the FSU by means of a forceps and 
put on the bottom of the sampling unit. The beakers avoided direct contact 
between the dissolved MeJA and the shoot.  
6.2.5. Gas chromatograph 
A HP 5890 was used for all experiments as described in materials and methods 
(2.2.1.2.). Sampling occurred for 30 min with a PDMS fiber. 
 
6.3. Results and discussion 
6.3.1. Supplementing jasmonic acid 
Each FSU was inoculated with a tomato shoot from line 3310. The shoots were 
under controlled environmental conditions before and during the whole 
experiment. They were 2 weeks old when JA was supplied to the leaves and 
roots. Each treatment was repeated 4 times. 
The monoterpene with the highest FID response was β-phellandrene. All other 
emitted monoterpenes (α-pinene, m-cymene and 2-carene) showed an identical 
profile although with a lower FID response (data not presented). The emission 
profile for β-phellandrene is presented in Figure 6.1. (leaves) and Figure 6.2. 
(roots).  
In the reference sampling units, 1 mL of sterile water was sprayed on the leaves, 
therefore the higher emission of monoterpenes could not be assigned to touching 
the trichomes, present at the tomato leaf surface, by the pipette.  
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Figure 6.1.  Evolution of β-phellandrene (ppb) with supply of 1 µmol JA by 
sprinkling on the leaves. The shoots were 2 weeks old when JA was 
supplied (vertical dashed line). One mL water was supplied to the 
reference (n = 4) (error bars are standard deviation) 
 
Statistical analysis did not reveal significant differences between the treatments 
and the reference, neither between the roots and the leaves applications  
(Figures 6.1. and 6.2.).  
Also for the other emitted monoterpenes, no statistical significant differences 
were found. A possible explanation is the importance of the standard deviation 
(Thas, 2000), indeed there are major differences among sampling units, which is 
typical for this type of experiments (Bartelt, 1997). 
The dose we supplied for JA (1 µmol) is well below those that cause toxic 
responses in in vivo plants. Thaler et al. (1996) reported that a treatment of  
10 µmol JA is phytotoxic for tomato plants, it causes leaf necrosis. Ozawa et al. 
(2000) tested the effect of 0.1 µmol, 0.3 µmol and 1 µmol of aqueous JA on the 
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induction of volatiles of detached lima bean leaves, and found that 1 µmol JA 
induced amounts of volatiles comparable to the amounts Spodoptera exigua 
larvae induced. The detected volatiles were indole, cis-jasmone, β-ocimene, 
DMNT, β-caryophyllene and several other terpenoids. We supplied the highest 
dose tested by Ozawa et al. (2000) (1 µmol) but to the leaves or roots of in vitro 
grown plants instead of to detached leaves. Only a higher emission of the 
monoterpenes was observed but it was not statistically proved and no higher 
emission of any other volatile was detected. Although Thaler et al. (1996) 
reported that exogenous supplied JA did simulate insect wounding in tomato  
  
 
Figure 6.2.  Evolution of β-phellandrene (ppb) with supply of 1 µmol JA to the 
roots. The shoots were 2 weeks old when JA was supplied (vertical 
dashed line). One mL water was supplied to the reference (n = 4) 
(error bars are standard deviation) 
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plant by production of chemical defenses inside the leaves. It was reported that 
under high pest conditions jasmonate-mediated induction has the potential to be 
an effective means of pest control on agriculturally grown tomato plants (Thaler, 
1999). Maybe the dose we supplied (1 µmol) to the in vitro grown tomato plants 
was too low to induce a clear effect. 
When Figure 6.1. and 6.2. are compared, a faster response is detected for the 
shoots where JA was supplied to the roots compared to the supply to the leaves. 
We suggest that exogenous supplied JA is fast taken up by the roots and 
distributed to the leaves, where it induces a faster, although small, synthesis of 
monoterpenes. The exogenous supplied JA is not that fast taken up through the 
leaves therefore the small increase in emission of monoterpenes takes 
approximately 5 days longer.  
Koch et al. (1999) noted that after biosynthesis, JA is released into the cytosol 
where it may turn on the biosynthetic machinery for terpenoid assembly located 
here (e.g. sesquiterpenes) (Figure 1.1.). During our experiments, the 
sesquiterpenes did not show a clear trend (data not presented) which was 
comparable with the undamaged tomato shoots (4.3.4.). 
At the end of the experiment the permanent gasses and ethylene showed values 
comparable with unstressed tomato plants. 
6.3.2. Supplementing methyl jasmonate 
In a first experiment a dose of 4.6 µmol MeJA was supplied but the shoots 
wilted 8 days later. The dose was too high although a clear reaction of the shoot 
could be observed, resulting in a higher emission of monoterpenes after 4 days 
(data not presented). In field experiments with orange trees, excessive 
defoliation occurred with trees treated with 500 µmol MeJA per tree (Kender et 
al., 2001). Gundlach and Zenk (1998) reported that in cell cultures MeJA rarely 
caused toxic effects which leaded to cell death, only concentrations of more than 
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500 µM caused toxic effects. We worked with in vitro grown plants and MeJA 
was not supplied direct onto the plants, therefore the dose had to be adjusted. 
During a second experiment the doses were lowered to 0.4 µmol and 1.5 µmol 
MeJA. Farmer and Ryan (1990) used a comparable dose (0.5 µmol) to in vivo 
tomato plants to investigate the induction of proteinase inhibitor proteins inside 
tomato leaves.  
Twelve FSUs were inoculated with 1 tomato shoot from line 3310. When the 
shoots were 2 weeks old, MeJA was supplied in beakers.  
As a control a dose of 0.4 µmol MeJA was supplied to a FSU filled with culture 
medium only, thus without plant material. The shoots took up the supplied 
compound very quickly because the FID response found in the FSU without  
 
 
Figure 6.3.  Evolution of MeJA in function of time with supply to a FSU 
without plant material but with culture medium (control =  
0.4 µmol) and to FSUs with shoots (A = 0.4 µmol and B = 1.5 
µmol). The shoots were 2 weeks old when MeJA was supplied 
(dashed vertical line) and 6 days later the beakers with MeJA were 
removed (full vertical line) 
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plant material but with culture medium was never recovered in the FSUs with 
shoots (Figure 6.3.).  
After 6 days almost no MeJA could be detected in the FSUs with shoots, 
therefore the beakers were removed at that moment.  
A comparable pattern was found for all the emitted monoterpenes. The evolution 
of β-phellandrene, which was chosen as representative compound, is presented 
in Figure 6.4. The dashed vertical line indicates the moment the beakers were 
introduced in the FSUs, and the full vertical line indicates the removal of the 
beakers after 6 days.  
 
 
Figure 6.4. Evolution of β-phellandrene (ppb) in function of time with supply 
of MeJA (A = 0.4 µmol MeJA; B = 1.5 µmol MeJA). One µL 
ethanol was supplied to the reference. The shoots were 2 weeks old 
when MeJA was supplied (dashed vertical line) and 6 days later the 
beakers with MeJA were removed (full vertical line) (n = 4) (error 
bars are standard deviation) 
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Figure 6.4. indicates that β-phellandrene is emitted in a dose-dependent manner 
when MeJA is applied. From 1 week on a higher emission could be detected. 
Because we used FSUs supplied with a beaker with 1 µL ethanol as reference, 
the higher emission of terpenes could not be assigned to the handling of the 
sampling units while the beakers were put inside or taken out the FSUs. 
The beakers avoided direct contact between the dissolved MeJA and the shoot. 
Therefore we were sure the reaction of the shoot was caused by the uptake of the 
volatile MeJA in the headspace. Gundlach et al. (1992) believed that MeJA is, at 
least, partially hydrolyzed by endogenous esterases to free JA within the plant 
tissue.  
No statistical significant differences could be detected between the reference and 
0.4 µmol or between 0.4 µmol and 1.5 µmol but they were detected between the 
reference and 1.5 µmol MeJA for all detected monoterpenes (α-pinene,  
m-cymene, 2-carene and β-phellandrene). 
The emission pattern of the sesquiterpenes was completely different compared 
to the monoterpenes. δ-Elemene, β-caryophyllene and α-humulene were emitted 
in concentrations comparable with the unstressed tomato plants, and did not 
show a clear trend (data not presented). Only the sesquiterpene α-copaene was 
clearly induced by the supply of MeJA (Figure 6.5.).  
An immediate emission of α-copaene could be observed in a dose-dependent 
manner during the supply of MeJA. It was only a short-term effect because 
when the beakers were removed, the emission slowly dropped to normal levels 
in 1 week. Birkett et al. (2000) also reported this same short-term effect for bean 
plants which induced β-ocimene after supply of MeJA in contrast with the 
supply of cis-jasmone which induced significantly increased levels of β-ocimene 
for a longer period. 
Statistical analysis only proved a significant difference between the reference 
and the supply of the highest dose (1.5 µmol MeJA). 
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At the end of the experiment (day 14 + 20) the permanent gasses and ethylene 
showed values comparable with unstressed tomato plants and none of the treated 
shoots showed visual physiological differences compared to the reference 
shoots. 
 
 
Figure 6.5.  Evolution of α-copaene (ppb) in function of time with supply of 
MeJA (A = 0.4 µmol MeJA; B = 1.5 µmol MeJA). One µL ethanol 
was supplied to the reference. The shoots were 2 weeks old when 
MeJA was supplied (dashed vertical line) and 6 days later the 
beakers were removed (full vertical line) (n = 4) (error bars are 
standard deviation) 
 
6.4. Conclusion 
Statistical analysis did not reveal significant differences between exogenous 
supplied JA to tomato shoots (leaves and roots) and the reference, neither 
between the roots and the leaves applications for the monoterpenes α-pinene,  
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m-cymene, 2-carene and β-phellandrene. The sesquiterpenes did not show a 
clear trend which was comparable with the undamaged tomato shoots. 
The dose supplied for JA (1 µmol) was probably too low to induce a clear effect. 
 
When MeJA (4.6 µmol) was supplied to the shoots, they wilted 8 days later 
because the concentration was too high although a clear effect was observed. 
The doses were lowered (0.4 µmol and 1.5 µmol) and the monoterpenes were 
emitted in a dose-dependent manner. MeJA was supplied in beakers to avoid 
direct contact between the dissolved MeJA and the shoot. Therefore we were 
sure the reaction of the shoot was caused by the uptake of the volatile MeJA 
from the headspace. 
The higher emission of the monoterpenes was not observed for the 
sesquiterpenes with exception of α-copaene which showed an immediate higher 
emission in a dose-dependent manner while MeJA was supplied. It was only a 
short-term effect because when the beakers were removed, the emission slowly 
dropped to the reference level.  
 
No new compounds could be detected in both experiments with JA or MeJA 
because firstly, the supplied concentrations were too low or secondly, the 
emitted compounds were too small to be detected with a HP 5890 when sampled 
with a PDMS fiber. 
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Chapter 7. Volatiles produced by insect wounded 
        in vitro grown tomato plants 
7.1. Introduction 
Leaves normally emit small quantities of volatile compounds (see Chapter 4.). 
When a plant is damaged by herbivores or pathogens, more volatiles are 
released because all plants use chemical defenses to protect themselves from 
attack (Baldwin, 1998). Paré and Tumlinson (1997b) were the first to 
demonstrate the de novo synthesis of volatiles induced by insect damage to a 
plant, showing the dynamic role of plants in interactions with the second (insect 
herbivores) and third (parasitoids and predators) trophic levels. 
In this chapter we investigated the volatiles produced by insect wounded tomato 
plants under in vitro conditions. We used dynamic sampling instead of static 
sampling, which was used in all previous chapters. The dynamic approach with 
PDMS as enrichment material is more straightforward since one single material 
is able to trap the apolar as well as the polar analytes in sufficiently high 
quantities (Vercammen et al., 2000). 
 
7.2. Specific materials and methods 
7.2.1. Plant material and culture medium 
Tomato shoots from line 3310 were used for all experiments. 
The same M.S. culture medium (2.1.1.1.) was used for all experiments and will 
be called culture medium. The culture medium was sterilized as described in 
3.3.1.2. 
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7.2.2. Sampling unit 
FSUs were used for these experiments but the units were equipped with a 
second Duran screw thread tube connection (GL 14), which was necessary for 
dynamic sampling. A constant air flow (see 7.2.5.) went through the FSUs with 
inlet at the bottom and outlet at the top. The units were cleaned and sterilized as 
described in Table 3.1. 
7.2.3. Insects 
Cotton leafworms (Spodoptera littoralis; Lepidoptera; Noctuidae) were obtained 
from a colony, which was maintained at the Department of Crop Protection of 
Gent University (Belgium). The caterpillars of instar IV or V were maintained 
under controlled environmental conditions of 23 ± 2°C, 65% relative humidity 
(RH) and a photoperiod of 16 h light. They were reared on an artificial diet (Van 
Laecke, 1993) and prior to the experiments they were placed in a petri dish and 
nourished for one day with tomato leaves (Figure 7.1.). Afterwards they were 
starved for 16 h prior to experiments to encourage immediate feeding. 
 
 
Figure 7.1.  S. littoralis caterpillars nourished with tomato leaves 
 
The S. littoralis caterpillars were carefully taken from the petri dish with a 
forceps and placed onto different leaves of the tomato plant in the FSU. Both 
forceps ends were covered with cotton plugs to avoid wounding of the 
1 cm 
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caterpillars. Three caterpillars were put onto the tomato shoot in a first 
experiment (7.3.2.). For the next experiment only 1 caterpillar was used because 
the shoot must not be eaten too much because we wanted to follow its emission 
for a longer period, also after the removal of the caterpillar (7.3.3.). 
7.2.4. Environmental conditions 
Prior to the experiments the tomato shoots were grown under controlled 
conditions as given in Table 4.1. 
During the experiments no culture room was available because the dynamic 
sampling device was located at the department of organic chemistry. The 16 h 
photoperiod, with a PAR of 70 µmol.m-2.s-1, was maintained by a set of  
4 fluorescent lamps (Osram L36W/21) with a time-controlled power switch. The 
temperature inside the experimental room was 25°C (± 2°C). The relative 
humidity inside the sampling unit was almost 100%. 
7.2.5. Automated dynamic sampling 
Instead of static sampling, dynamic sampling was applied where, previous to 
injection, the compounds are sorbed on PDMS material. With this technique a 
higher sensitivity was obtained (ppt levels). The technical aspects of the 
automated dynamic sampling system were detailed by Vercammen et al. (2001). 
Hereafter a simplified description of the system is presented. 
The heart of the system is a TDS-G device (Gerstel, Mülheim a/d Ruhr, 
Germany) for on-line sampling and thermodesorption. Basically, this device 
consists of two programmable temperature vaporization (PTV) injectors placed 
in series. The first injector is the actual thermodesorption system (TDS) in 
which the sampling tube is contained. A glass tube packed with 100% PDMS 
particles (approx. 300 mg, Gerstel) was used as enrichment cartridge (Baltussen 
et al., 1997). During the sampling period the PDMS tube was held at 20°C. The 
TDS was heated from 20°C (1 min) to 225°C (5 min) at 60°C/min. The second 
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PTV is a CIS-4 injector (Gerstel), which is used as a cryotrap to refocus the 
analytes during desorption. After desorption, the cryotrap is flash heated, from  
–150°C (0.5 min) to 350°C (5 min) at 12°C/s, to inject the sample as a small 
plug onto the analytical column.  
The TDS-G unit was mounted on top of a HP model 6890 GC interfaced with a 
HP model 5973 MSD (mass selective detector). The MSD was operated in the 
electron impact mode (70 eV). The system was equipped with a Wiley MS 
database for spectral identification. Full scan spectra were generated between 
m/z 50 and 250 amu at a rate of 7 scans/s. Helium was used as carrier gas with a 
column head pressure of 10 psi. A HP-5MS column (30 m x 250 µm i.d.;  
0.25 µm df) was used for the experiments. The GC oven was programmed from 
40°C (2 min) to 280°C (5 min) at 15°C/min. 
 
The TDS-G system was connected to two FSUs of which the headspace was 
analyzed successively. 
The experiments were performed at the laboratory of organic chemistry. The 
plants were stabilized overnight with a constant flow of 50 mL/min of high 
purity dry N50 air (l’Air Liquide, Schelle, Belgium). The headspace was 
sampled for 20 min at 50 mL/min (1 L sampling). Sampling occurred every  
49 min (7.3.2.). 
The sampling conditions were improved for the next experiment with only  
1 larva. The plants were stabilized overnight with humidified N50 air. Before 
entering the system, the air was humidified by bubbling through Milli Q water 
(Millipore, Bedford, MA, USA). The headspace was sampled for 40 min at  
50 mL/min (2 L sampling). Sampling occurred every 69 min (7.3.3.). 
These experiments were performed continuously to determine the diurnal and 
nocturnal pattern of the volatile emissions. Little is known about the volatile 
emissions at night (De Moraes et al., 2001; Ryan, 2001). 
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The headspace of the FSUs was refreshed 5 times/h. Higher flow rates could 
induce excessive flow stress (Vercammen et al., 2001) although refresh rates of 
40 times/h have also been reported (Röse et al., 1996). 
 
7.3. Results and discussion 
7.3.1. Emissions of Spodoptera littoralis themselves and their 
   excrements 
Before starting with the actual wounding experiments on the tomato plants, the 
volatile emissions of the S. littoralis themselves and their excrements were 
analyzed after they were nourished with tomato leaves for one day.  
In the headspace of the caterpillars themselves we could not detect any 
compound and this confirms the findings of Turlings et al. (1990), who also 
reported that beet armyworm caterpillars are nearly odorless and thus can be 
excluded as a source of volatile compounds.  
This is not true for all insects, e.g. the volatiles from the frass of the soybean 
looper, Pseudoplusia includens, serve also as long-distance olfactory cues for 
the parasitoid Microplitis demolitor (Ramachandran et al., 1991). These latter 
authors also provided the first evidence that volatiles in host frass include not 
only plant compounds that are concentrated and released in frass but also 
compounds (e.g. guaiacol) that are strictly larval metabolites synthesized from 
plant precursors (e.g. catechol). These compounds could not be detected when 
the insects were reared on an artificial diet. 
The headspace of the excrements of the S. littoralis caterpillars mainly consisted 
of phenol and guaiacol (2-methoxyphenol). Only very small traces of linalool 
and methyl salicylate could be found.  
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7.3.2. Wounding by 3 Spodoptera littoralis caterpillars 
Two FSUs with one 3 weeks old tomato shoot each were transported to the 
laboratory of organic chemistry together with several S. littoralis caterpillars. 
After overnight stabilization of the plants and starvation of the caterpillars the 
experiment was started. The headspace was sampled 3 times and then three 
caterpillars were placed onto three different leaves of one tomato shoot in one 
FSU. The other FSU was used as reference. Due to the starvation period the 
caterpillars started eating immediately. They were allowed to eat during the 
whole experiment. 
The compounds identified in the headspace could be divided into 2 different 
groups: the constitutive compounds and the induced compounds (explained in 
1.3.8.1.). No difference could be made between local and systemic induced 
compounds because the headspace of the whole damaged tomato shoot was 
sampled at once. 
7.3.2.1. Emission of constitutive compounds 
The mono- and sesquiterpenes released by undamaged tomato shoots during 
static sampling (Table 4.2. and 4.3.) were also found in the headspace during 
dynamic sampling. They were released in higher concentrations immediately 
after insect damage. 
Not every emission pattern of all released terpenes is presented. α-Pinene was 
chosen as representative for the following monoterpenes: m-cymene, o-cymene, 
trans-isolimonene, β-myrcene, α-terpinene, γ-terpinene, terpinolene, β-ocimene, 
alloocimene, 2-carene, α-phellandrene and β-phellandrene. β-Caryophyllene 
was chosen as representative for the sesquiterpenes α-humulene and δ-elemene.  
The pattern of the mono- and sesquiterpenes was the same as for the chosen 
representatives. The MSD response was different, which means only a 
difference in concentration occurred. 
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Figure 7.2. represents the evolution of the monoterpene α-pinene (A) and the 
sesquiterpene β-caryophyllene (B) in the reference sampling unit and in the 
sampling unit with the 3 caterpillars.  
 
 
Figure 7.2.  Evolution of α-pinene (A) and β-caryophyllene (B) for the 
reference and for the tomato shoot attacked by 3 S. littoralis 
caterpillars in function of time. The dashed vertical line indicates 
the introduction of the insects. The full vertical lines represent the 
16 h photoperiod. The nights are indicated with a moon  
 
Immediately after the insects were introduced, all terpenes were released in 
higher concentrations but no clear pattern was observed (Figure 7.2.). The 
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released terpenes were the same as found inside undamaged tomato leaves 
(1.3.9.1.). Therefore these compounds were released as the insect was wounding 
the leaves. A higher emission of these terpenes was also found when tomato 
shoots were artificially wounded (5.3.2.). An other explanation for the 
fluctuating pattern is that the trichomes, known as storage sites for terpenes 
(Paré and Tumlinson, 1997a; Turner et al., 1999), were ruptured by the 
caterpillars resulting in a temporary higher emission.  
For cotton plants, Loughrin et al. (1994) suggested that the lack of a pattern of 
emission for compounds such as β-caryophyllene is probably due to their release 
by simple rupture of glands as a consequence of caterpillar feeding because 
volatile terpenes are produced and stored in the glands (Elzen et al, 1985). Paré 
and Tumlinson (1997b) confirmed that cyclic terpenes are not synthesized more 
than constitutively present in the headspace.  
The large peak for the mono- and sesquiterpenes (Figure 7.2.) on the morning of 
the second day can be explained by the feeding of the insects, stimulated by the 
lights. The emission of the terpenes didn’t drop to the reference levels during the 
night which suggests the caterpillars were also eating at night.  
The emission of the mono- and sesquiterpenes in the reference FSU is very low. 
Also Hedera helix plants emitted practically nothing when sampled dynamically 
after an overnight stabilization period (Vercammen et al., 2001).  
 
The emission pattern of the sesquiterpene α-copaene (Figure 7.3.) is an 
exception compared to the other sesquiterpenes (Figure 7.2.B.).  
In the reference FSU the constant emission of α-copaene during the day 
confirmed the earlier experiments (4.3.6. and 5.3.4.), which suggested that  
α-copaene was induced by light. The emission dropped to zero at night and was 
again produced rather constant during the second day (Figure 7.3.).  
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Figure 7.3.  Evolution of α-copaene for the reference and for the tomato shoot 
attacked by 3 S. littoralis caterpillars in function of time. The 
dashed vertical line indicates the introduction of the insects. The 
full vertical lines represent the 16 h photoperiod. The nights are 
indicated with a moon  
 
There was no immediate increase in the emission pattern of α-copaene after the 
attack of the caterpillars. Only in the late afternoon of the second day a clear 
release could be observed. Therefore we suggest that α-copaene is not stored in 
the trichomes, as is the case for the other sesquiterpenes. The emission by the 
attacked plant does not drop to zero during the nights. This suggests that  
α-copaene was induced during the day but still released at night as a reaction of 
the plant to the insect attack. 
It is unclear if this compound should be classified with the constitutive 
compounds or with the induced compounds; it possesses characteristics of both. 
7.3.2.2. Emission of induced compounds 
Induced compounds found in the headspace of the tomato shoots were linalool, 
β-cyclocitral, cis-jasmone, indole, methyl salicylate (MeS) and germacrene D. 
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Linalool was chosen as a representative for β-cyclocitral and cis-jasmone. Indole 
was chosen as a representative for MeS. The pattern of the emitted compounds 
was the same as for the chosen representatives. The MSD response was 
different, which means only a difference in concentration occurred. 
Figure 7.4. represents the evolution of linalool (A) and indole (B) in the 
reference sampling unit and in the sampling unit with the caterpillars. The 
dashed vertical line indicates the introduction of the 3 insects. The full vertical 
lines represent the 16 h photoperiod. The nights are indicated with a moon. 
It seems that the induction of linalool starts only during the day (Figure 7.4.A.) 
[this will be confirmed in the experiment with only introduction of 1 caterpillar 
(7.3.3.)]. Also tobacco plants show only the induction of linalool in the diurnal 
profiles and not in the nocturnal ones after feeding by Heliothis virescens (De 
Moraes et al., 2001). Also for cotton plants, the increase in emission of 
inducible terpenes began on the morning after the start of feeding damage and 
peaked during the afternoon (Loughrin et al., 1994).  
The response of linalool found in this experiment was much higher than the 
response found in the excrements of the insects (7.3.1.), therefore linalool was 
clearly induced and emitted by the plant itself.  
 
Indole was induced as a peak emission in the morning and it dropped quickly by 
the end of the day (Figure 7.4.B.). This was in contrast with linalool which was 
constantly emitted during the whole second day.  
Cotton plants under beet armyworm (S. exigua) attack induced the biosynthesis 
of indole. Paré and Tumlinson (1997b) proved that a second synthetically 
distinct and distant pathway is activated in response to insect feeding. The 
elicitor or elicitors from the feeding insect activate at least two different 
biosynthetic pathways. Products of the isoprenoid and the tryptophan pathways 
are released within roughly the same time interval after plant damage from 
insect feeding. 
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Figure 7.4.  Evolution of linalool (A) and indole (B) for the reference and for 
the tomato shoot attacked by 3 S. littoralis caterpillars in function of 
time. The dashed vertical line indicates the introduction of the 
insects. The full vertical lines represent the 16 h photoperiod. The 
nights are indicated with a moon  
 
For cotton plants indole was only released at the caterpillar-damaged site itself 
and not systemically (Röse et al., 1996). Volatiles released systemically in 
response to beet armyworm attack, are synthesized de novo in the undamaged 
leaves of cotton plants from which they are released and not from the site of 
damage (Paré and Tumlinson, 1998). This could not be confirmed by our 
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experiments because no distinction could be made between the site of damage 
and the other sites.  
 
MeS shows a comparable emission pattern as indole but with a lower response 
(1 third) and no drop during the nights. MeS has been stated to act as an airborne 
defense signal which activates a resistance response in uninfected plant tissues 
by converting to SA upon absorption. SA is a non-volatile chemical important 
for the establishment of disease resistance and induction of antimicrobial 
pathogenesis-related proteins (Shulaev et al., 1997).  
The time lag between cotton leafworm feeding damage to tomato leaves and the 
release of induced volatiles, was 17 h (Figure 7.4.). Comparable results were 
found after beet armyworm attack on cotton leaves with a lag time of almost one 
day (Paré and Tumlinson, 1997b). An explanation for the time lag between 
attack and release of induced volatiles (chemical defenses) was given by 
Baldwin (1998): chemical defenses are beneficial and increase a plants’ fitness 
when it’s under attack, they are also costly when not needed (using resources 
that could be used instead for growth or development). Therefore inducible 
defenses are a cost-saving measure. 
 
An other sesquiterpene induced almost one day after the attack was germacrene 
D (Figure 7.5.). Germacrene D was induced 20 h after the introduction of the 
insects with the highest emission at the end of the second day (Figure 7.5.). This 
pattern is comparable with the emission of the sesquiterpene α-copaene, 
although this compound was constitutive present in the headspace. Colby et al. 
(1998) were the first to report the presence of germacrenes A, B, C and D inside 
tomato leaves. 
The induced compounds were not released when the tomato shoots were 
artificially wounded (Chapter 6.). Therefore insect damage can not be mimicked 
by artificial damage but it can be approximated when the artificially damaged 
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plant is treated with regurgitant (Turlings et al., 1990, 1995) or with volicitin 
(Alborn et al., 1997).  
 
 
Figure 7.5.  Evolution of germacrene D for the reference and for the tomato 
shoot attacked by 3 S. littoralis caterpillars in function of time. The 
dashed vertical line indicates the introduction of the insects. The 
full vertical lines represent the 16 h photoperiod. The nights are 
indicated with a moon  
 
The main compounds in the excrements of the caterpillars (phenol and  
2-methoxyphenol) were not detected in the headspace of the attacked shoot. 
For cotton plants indole and the following inducible terpenes were detected after 
feeding damage: β-ocimene, linalool, DMNT, β-farnesene, α-farnesene and 
TMTT. The emission of those compounds exhibited distinctly diurnal 
periodicity (Loughrin et al., 1994; Paré and Tumlinson, 1997a, 1998). Not all 
inducible terpenes of cotton plants were found in our tomato experiments. The 
chemical identity of the induced compounds varies with the plant species and 
with the herbivorous insect species (Paré and Tumlinson, 1999).  
Whereas cotton begins to release several terpenoids as soon as damage occurs, 
corn appears to have no free terpenoids available for immediate release 
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(Turlings et al., 1990). Terpenoids are released by corn plants only several hours 
after insect herbivore damage begins and the plants should be damaged for at 
least 2 h. This difference may be a reflection of two distinct strategies that the 
plants use in defense against herbivores (Loughrin et al., 1994). Fast growing 
annuals like corn may initially invest most of their energy in growth rather than 
defense. Slower growing perennials like cotton may invest in some constitutive 
defenses to be braced for and perhaps discourage possible herbivore attacks. 
The headspace profile emitted by Tetranychus urticae-infested cucumber leaves 
is dominated by several terpenoids, e.g. β-ocimene and DMNT, which are not 
emitted by mechanically damaged or undamaged cucumber plants. In contrast, 
T. urticae-infested tomato leaves (‘Moneymaker’) emit a profile that is quite 
similar to the profile emitted by undamaged leaves, except for the emission of 
MeS and TMTT. Herbivore-induced plant volatiles contain information about 
the plant species or genotype that is damaged. These volatiles are not only 
specific, they are also highly detectable. They are emitted in relatively large 
amounts, compared to volatiles from undamaged plants or volatiles from 
herbivores (Dicke et al., 1998). 
When comparing releases of S. littoralis (cotton leafworm) with S. exigua (beet 
armyworm) we should keep in mind that not all plants do respond in the same 
way to feeding by different herbivores. Recent evidence shows that some 
parasitoids are able to distinguish the odors emitted from plants under attack by 
their specific hosts from odors emitted by plants after attack by a nonhost (De 
Moraes et al., 1998). S. exigua caterpillars did not show a statistically significant 
preference between mature leaves from control or damaged cotton plants after 
feeding injury (McAuslane et al., 1997) in contrast to S. littoralis caterpillars 
which rejected mature leaves from a previously damaged plant (Alborn et al., 
1996). Takabayashi et al. (2000) suggested that green and red strains of T. 
urticae had elicitors which induced the production of different volatile 
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attractants because tomato leaves with slight, moderate, or heavy infestation 
stress showed different predator-attraction responses. 
7.3.3. Wounding by 1 Spodoptera littoralis caterpillar 
Two FSUs, each with a 4 weeks old tomato shoot, were transported to the 
laboratory of organic chemistry together with several S. littoralis caterpillars. 
The sampling of both FSUs started immediately. After a stabilization period of 
almost one day, 1 S. littoralis caterpillar was introduced to 1 FSU. The other 
FSU was used as reference. The insect was allowed to attack the plant for 21 h. 
After removal, sampling continued for 2 days to be sure the induced compounds 
found in the above experiment were emitted as a reaction of the plant to the 
attack, and not by the insect itself or by breaking of the trichomes of the tomato 
shoots. 
The emitted volatiles were also be divided into constitutive and induced 
compounds. 
7.3.3.1. Emission of constitutive compounds 
The same compounds were found as for the experiment with 3 caterpillars 
(7.3.2.1.). The chosen representatives for the mono- and sesquiterpenes are  
α-pinene and β-caryophyllene respectively (Figure 7.6.). 
After the introduction of the insect, the mono- and sesquiterpenes were 
characterized with the same fluctuating emission pattern (Figure 7.6.) as in the 
experiment with the 3 caterpillars. Emission peaks during the night, suggested 
the insect was also active at night. After the removal of the caterpillar the 
emission of the mono- and sesquiterpenes dropped quickly. This confirms the 
suggestion that these compounds were emitted because the caterpillar breaks the 
trichomes and because these compounds were constitutively present inside the 
leaves. Loughrin et al. (1994) tested the decline of terpenes present in the  
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Figure 7.6.  Evolution of α-pinene (A) and β-caryophyllene (B) for the 
reference ( ) and for the tomato shoot attacked by 1 S. littoralis 
caterpillar ( ) in function of time. The first dashed vertical line 
indicates the introduction of the insect and the second one the 
removal. The full vertical lines represent the 16 h photoperiod. The 
nights are indicated with a moon. Continuous sampling was 
interrupted 2 times because of a shortage of liquid nitrogen for the 
cryotrap 
 
trichomes of cotton plants after the removal of beet armyworms; the level of  
α-pinene declined rapidly after the removal of the insects, while the emission of 
β-ocimene still peaked in the late afternoon, although at lower levels than when 
the caterpillars were allowed to remain on the plants. During our experiments no 
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difference in the emission pattern between α-pinene (Figure 7.6.A.) and  
β-ocimene (data not presented) could be detected after the cotton leafworm was 
removed. They both declined immediately, like all other mono- and 
sesquiterpenes. 
At the start of the experiment α-pinene was emitted in larger amounts in both 
FSUs compared to the end of the experiment (Figure 7.6.A.). This can be 
explained by the fact that the experiment started immediately after transportation 
of the sampling units. In the first experiment an overnight stabilization period 
was allowed. 
The sesquiterpene α-copaene was detected but it didn’t show the characteristics 
of the other constitutive compounds. No immediate increase in the emission 
pattern of α-copaene was detected after the attack of the insect (data not 
presented). This behavior was comparable with the experiment with 3 cater-
pillars (Figure 7.3.). The compound was emitted higher during the days 
compared to the nights, which confirms the suggestion that α-copaene needs 
light to be emitted and/or biosynthesized. 
7.3.3.2. Emission of induced compounds 
Only linalool and indole were detected as induced compounds (Figure 7.7.).  
Linalool and indole were both emitted after removal of the caterpillar. They 
were first detected 28 h respectively 22 h after the insect was introduced into the 
FSU. The pattern of linalool (Figure 7.7.A.) shows a diurnal pattern after the 
removal of the caterpillar. Also Loughrin et al. (1994) observed that acyclic 
terpenes (e.g. linalool) followed a diurnal pattern of emission, even after 
removal of caterpillars from cotton plants, although emission was smaller. In 
contrast, they also observed that the emission of cyclic terpenes almost ceased 
after the caterpillars were removed. During our experiments, the cyclic indole 
was released with a peak emission in the afternoon, then dropped to zero by the 
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evening and was not emitted again the following day (Figure 7.7.B.). Indole 
follows the pattern of the cyclic terpenes although it is not a terpene. 
 
 
Figure 7.7.  Evolution of linalool (A) and indole (B) for the reference ( ) and 
for the tomato shoot attacked by 1 S. littoralis caterpillar ( ) in 
function of time. The first dashed vertical line indicates the 
introduction of the insect and the second one the removal. The full 
vertical lines represent the 16 h photoperiod. The nights are 
indicated with a moon. Continuous sampling was interrupted 2 
times because of a shortage of liquid nitrogen for the cryotrap 
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It was not necessary to continue monitoring much longer because Röse et al. 
(1996) reported that for cotton plants no additional compounds were detected on 
the third day after beet armyworm attack. Even in experiments that continued 
over 10 days, no additional compounds were detected. 
The analytical device was constructed to sample only 2 FSUs at the same time, 
therefore the experiments could not be performed with more repetitions. Even if 
it would have been possible, it was not advisable because it would have been 
difficult to study the emission pattern of compounds which were only emitted 
for a short time, like indole. 
 
7.4. Conclusion 
It was once more proven that the FSU is suitable for the detection of all volatiles 
emitted by tomato shoots. With a combination of this FSU and the dynamic 
sampling method, the induced compounds were detected and their emission 
could be followed in function of time.  
The caterpillars themselves and their excrements could be excluded as a source 
of volatile compounds. 
Immediately after the insects were introduced, all constitutive compounds, with 
exception of α-copaene, were emitted higher and a fluctuating emission pattern 
was observed. They dropped quickly to their original levels as soon as the 
caterpillar was removed from the shoot. This confirms the suggestion that these 
compounds were emitted because the insect breaks the trichomes and because 
these compounds were constitutively present inside the leaves. 
The sesquiterpene α-copaene did not follow the same emission pattern 
compared to the other sesquiterpenes. Only in the late afternoon of the second 
day a clear emission could be observed. Therefore we suggest that α-copaene is 
not stored in the trichomes, as is the case for the other sesquiterpenes. 
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The induced compounds were emitted approximately one day after the 
introduction of the caterpillars. The induction of linalool started only during the 
day and indole was induced just before linalool. Linalool was still emitted  
2 days after the removal of the insect where indole was only emitted during one 
day. The induced sesquiterpene germacrene D had an emission pattern 
comparable to the constitutive sesquiterpene α-copaene. 
Only 2 different induced compounds were observed when only 1 caterpillar 
attacked the shoot compared to 6 compounds for the experiment with 3 
caterpillars. Therefore the number of attacking insects seem to be important. 
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Chapter 8. Preliminary experiments with in vitro 
        grown poplar plants 
8.1. Introduction 
Volatiles produced by many different plant species have been studied  
(Chapter 1.). The poplar tree however is not popular. Because of its volume, it is 
not easy to sample its emissions compared to smaller plants. This problem was 
solved with our developed sampling units in combination with in vitro culture. 
During preliminary experiments the general emissions of undamaged in vitro 
grown poplar plants were studied.  
MeJA induces the production of polyphenol oxidase inside poplar leaves 
(Constabel and Ryan, 1998). We supplied the stress related compound MeJA to 
the headspace to study if volatile compounds were induced by poplar shoots. 
 
8.2. Specific materials and methods 
8.2.1. Plant material: poplar 
Poplar plants were obtained from the institute “Bosbouw en Wildbeheer” 
(Geraardsbergen). The different lines were the parent Populus trichocarpa 
(V24) and the F1 generation of Populus trichocarpa x P. deltoides. Fifty % of 
the F1 plants were resistant to Melampsora larici populina (poplar rust) and the 
other 50% were sensitive. The parent P. deltoides carries the information for 
resistance to M. larici populina. The 2 different shoots used were F1 shoots 
from line S268 (sensitive) and from line R84 (resistant). The fungus causes 
severe premature defoliation, which can result in branch die back and even in 
death of the very susceptible poplar clones (Christie, 1978). The poplar shoots 
were cultured in vitro (2.1.1.).  
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8.2.1.1. Culture medium 
The woody plant medium (WPM) (Lloyd and McCown, 1980) was used 
containing WPM macroelements, microelements and vitamins together with 
NaFeEDTA (35 mg/L), sucrose (2%), agar (0.4%; MC29) and Ca-gluconate 
(650 mg/L) (De Block, 1990). Before the start of the experiments, the WPM 
medium was adjusted by adding sequestrene (150 mg/L) instead of NaFeEDTA 
and the agar concentration was increased from 0.4% to 0.5%. No plant growth 
regulators were added. 
The pH was adjusted to 5.8 before autoclaving. The medium was sterilized by 
autoclaving for 30 min at 112°C and a corresponding pressure of 50 kPa. 
The same WPM medium was used for initiation, multiplication and stock 
cultures.  
8.2.1.2. Culture container and culture room 
See 2.1.1.2. and Table 5.1. 
8.2.1.3. Sterilization of poplar plants 
The plant were sterilized by rinsing them under running tap water for 30 min; 
followed by 5 min in 0.4% HgCl2; rinsed 3 times with autoclaved distilled 
water; 15 min in 10% sodium hypochlorite (+ Tween 20) and finally rinsed  
3 times with autoclaved distilled water. 
8.2.1.4. Initiation and multiplication 
To obtain a monoclonal line the shoots were cut into nodal explants. The nodal 
explants were placed on WPM medium.  
Micropropagation occurred as described for the tomato shoots (2.1.1.5.). 
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8.2.1.5. Stock cultures 
During the 4 years of the study, the poplar plants were subcultured to maintain a 
stock culture of the different poplar lines. For each line at least 9 Meli jars with 
4 explants per jar were subcultured every 8 weeks. 
8.2.2. Gas chromatographs 
8.2.2.1. Permanent gasses and ethylene 
As described in 2.2.2. and 2.2.1.3. 
8.2.2.2. Identification of organic compounds 
Identification of compounds was performed with a Magnum ion trap GC/MS 
system. The GC 3400 was equipped with a DP5 column (50 m x 32 mm i.d.;  
5 µm df). Helium was used as carrier gas and the column head pressure was  
28 psi. 
8.2.2.3. Sampling of organic compounds 
The sampling occurred for 30 min with a PDMS fiber on a HP 5890 (2.2.1.2.). 
8.2.3. Methyl jasmonate 
Two different treatments of MeJA (1 µL each) were supplied in Schott beakers: 
0.4 µmol and 1.5 µmol. One µL ethanol was supplied for the reference. For 
details is referred to 6.2.4. 
8.2.4. Sampling unit and culture medium 
FSUs were used for all experiments. They were cleaned and sterilized as 
described in Table 3.1.  
The same WPM culture medium (8.2.2.1.) was used for all experiments, and 
sterilized as described in 3.3.1.2. 
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8.3. Results and discussion 
8.3.1. Permanent gasses and ethylene in the headspace 
For each different line, 3 FSUs were inoculated with one poplar shoot. Sampling 
of the headspace started 1 day after inoculation and lasted for 40 days. 
The evolution of the permanent gasses and ethylene was the same for the  
3 different lines. 
The CO2 concentration in the headspace never exceeded 0.1% and the  
O2 concentration in the headspace of the poplar shoots was 21%. These were 
normal values compared to the values measured in the laboratory atmosphere. 
The C2H4 concentration slowly accumulated during the first 20 days with  
0.25 nmol C2H4.d-1.shoot-1 and with 1 nmol C2H4.d-1.shoot-1 during the last  
20 days. The maximum concentration in the headspace was 1 ppmv after  
40 days in culture. 
8.3.2. Organic compounds in the headspace of poplar shoots: 
          follow-up experiment 
For each different line, 4 FSUs were inoculated with one poplar shoot. Sampling 
of the headspace started 1 day after inoculation and lasted for 3 weeks. Analyses 
were performed for 30 min with a PDMS fiber and only during daytime (from 
8.30 till 17 h). 
The 4 compounds with the greatest FID response were identified as the 
monoterpene 3-carene, the sesquiterpenes δ-elemene and α-copaene, and the 
aromatic compound naphthalene. These are typical volatiles emitted from 
undamaged plants (Paré and Tumlinson, 1997a). There was almost no detection 
of VOCs. This was also reported for corn (Turlings et al., 1995) and for tobacco 
(De Moraes et al., 1998). No clear trend could be found and no significant 
differences were detected between the different lines (data not presented). 
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8.3.3. Supplementing a stress related compound  
Six FSUs were inoculated with one poplar shoot from line V24. The plants were 
2 weeks in culture when the experiment started. 
The poplar shoots were supplied with methyl jasmonate (MeJA) similar to the 
experiment performed with tomato shoots (6.3.2.). 
The supply of MeJA did not have any influence on naphthalene or on the 
terpenes 3-carene, δ-elemene and α-copaene (data not presented). 
β-Ocimene was not detected in the reference sampling units, but was induced by 
the supply of MeJA. Figure 8.1. shows the evolution of β-ocimene before, 
during and after the supply of MeJA. 
 
 
Figure 8.1.  Evolution of β-ocimene (ppb) before, during and after supply of 
MeJA to poplar shoots from line V24 (A = 0.4 µmol MeJA; B =  
1.5 µmol MeJA). One µL ethanol was supplied to the reference. 
The shoots were 2 weeks old when MeJA was supplied (dashed 
vertical line) and 2 days later the beakers with MeJA were removed 
(full vertical line) (n = 2) 
 
An immediate emission of β-ocimene could be observed after the supply of 
MeJA in a dose-dependent manner (Figure 8.1.). After removal of the beakers, 
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the emission dropped fast. A same trend was found for 2 other unidentified 
monoterpenes. This short-term effect was also reported by Birkett et al. (2000) 
for bean plants which also induced β-ocimene after supply of MeJA. 
The supply of MeJA to tomato shoots induced a higher emission of the 
monoterpenes which were constitutively present in the headspace (6.3.2.2.). In 
contrast to the poplar shoots, no induced compounds could be found during the 
tomato experiments with MeJA.  
In conclusion, the chemical identity of the induced compounds varies with the 
plant species (Paré and Tumlinson, 1999). 
The beakers with MeJA were removed faster (2 days) compared to the 
experiment with tomato shoots (6 days) because the poplar shoots were much 
smaller and we did not want the shoots to wilt. In field experiments with orange 
trees, excessive defoliation occurred of trees treated with 500 mmol MeJA/tree 
(Kender et al., 2001). 
MeJA could be detected in the sampling units until one week after removal of 
the beakers with the lowest concentration and until the end of the experiment for 
the sampling units with the highest concentration (data not presented). These 
periods were longer compared to the experiment with tomato shoots  
(Figure 6.3.) which is suggesting that the tomato plants were more active. 
The headspace was sampled during 2 weeks after removal of the beakers with 
MeJA but no other induced compounds could be detected. The emission of 
poplar shoots was lower compared to tomato shoots and perhaps some 
compounds present in low concentrations in the headspace could not be detected 
because the sensitivity of a PDMS fiber analyzed on a HP 5890 was not high 
enough.  
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8.4. Conclusion 
The concentration of the permanent gasses was normal compared to the 
atmospheric concentrations. The C2H4 concentration slowly accumulated with a 
maximum concentration of 1 ppmv after 40 days in culture. 
The organic volatiles produced by undamaged poplar shoots were limited. One 
monoterpene 3-carene, 2 sesquiterpenes (δ-elemene and α-copaene) and one 
aromatic compound naphthalene were identified in the headspace but no clear 
emission pattern could be found and no significant differences were detected 
between the different lines tested. 
The supply of MeJA (0.4 and 1.500 µmol) did not induce a higher emission of 
the monoterpene present in undamaged poplar shoots as was seen for tomato 
shoots but MeJA induced the emission of another monoterpene, β-ocimene and 
2 other unidentified monoterpenes. β-Ocimene was induced in a dose-dependent 
manner and only for a short period. This compound was not found in unstressed 
poplar shoots and was not induced by tomato shoot under identical stress 
conditions.  
In conclusion, the chemical identity of the (induced) volatile compounds varies 
with the plant species. 
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General discussion, conclusions and perspectives 
 
In this study we developed a sampling unit for reliable analysis of volatiles and 
ideal for the growth of in vitro shoots. It took us 2 years to develop the final 
sampling unit (FSU) in which both polar and apolar compounds could be 
detected. This emphasizes the importance of an appropriate sampling unit and 
reliable analytical methods before starting with headspace sampling of volatiles 
released by plants. The facts that an appropriate sampling unit had to be 
developed and several analytical factors had to be considered, raises questions 
about the reliability of the results published in literature concerning the volatiles 
emitted by plants. Our developed sampling units allow nondestructive headspace 
sampling of volatiles from in vitro grown shoots. 
In literature all plants analyzed were in vivo plants. Therefore it concerns whole 
plants with roots, leaves, flowers,... For this work we used in vitro shoots which 
means the roots started to develop the first week after inoculation. No flowers 
were developed. We conclude we have a good system for in vitro shoots but 
there is still a difference with in vivo plants although the natural conditions were 
mimicked as much as possible by bottom cooling and temperature- and light 
control. 
Many publications can be found about the volatiles released by different plants 
and also about tomato plants in particular, although most publications handle 
about the volatiles found inside tomato leaves. We analyzed the whole emission 
pattern of unstressed tomato shoots. Besides the permanent gasses, mono- and 
sesquiterpenes were the main compounds found in the headspace. No clear day-
night pattern was found for the mono- or sesquiterpenes except for the 
sesquiterpene α-copaene. This last compound was clearly induced during the 
day. When the shoot was kept under continuous light, α-copaene was constantly 
emitted. We suggest that α-copaene has a different biosynthetical pathway 
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compared to the other sesquiterpenes. More research is required to elucidate its 
pathway.  
Our work has clearly demonstrated that the FSU is a reliable sampling unit for 
static sampling of volatiles emitted by unstressed or stressed shoots in vitro in 
combination with SPME. However, it should be noted that this technique does 
not have the highest sensitivity. The sampling unit can also be used for 
automated dynamic sampling. This technique has a higher sensitivity and is 
therefore recommended when sampling compounds present in low 
concentrations in the headspace. The automated dynamic sampling technique 
was used during the experiments with Spodoptera littoralis caterpillars. Very 
interesting results came out of these experiments. Tomato shoots released the 
induced compounds linalool, indole, β-cyclocitral, cis-jasmone,... approximately 
24 h after the introduction of the caterpillars, and linalool was even induced for 
2 days after the removal of the insect. More research is needed to reveal:  
• if the time lag between the introduction of the insects and the release of 
induced compounds is dependent on the number of attacking insects;  
• the minimum wounding period required to induce the compounds;  
• if a different emission pattern is induced if the caterpillars are introduced at 
night; 
• if the induced compounds show a day-night emission pattern,... 
Further experiments with different stress factors, insects, plants,... should learn 
us more about the different released compounds and the communication among 
plants and between insects and plants. 
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Summary 
 
Volatiles are the language of plants therefore they are a hot topic in many fields 
like ecological biochemistry, phytochemistry, plant pathology, insect ecology, 
food and perfume chemistry.  
The aim was to analyze the volatiles emitted by plants. When volatiles emitted 
by plants are studied, the analytical aspects are often not evaluated properly 
although reliable analytical techniques are necessary for accurate headspace 
sampling of volatiles. Therefore this work was performed in collaboration with 
the department of organic chemistry (Faculty of Sciences). During the first 2 
years of this study we developed a final sampling unit (FSU) in which both polar 
and apolar compounds could be detected with nondestructive headspace 
sampling and which was ideal for plant development of in vitro grown plants 
(Chapter 3.). 
Solid phase microextraction (SPME) was used as sampling method for all static 
experiments. Automated sampling devices were constructed at the department of 
organic chemistry (Faculty of Sciences).  
We used the in vitro technique because this technique allowed control of many 
factors (temperature, light intensity, photoperiod, RH, sampling unit, 
monoclonal shoots, shoot length, culture medium). 
 
The volatiles produced by undamaged in vitro grown tomato plants was studied 
in Chapter 4. The main headspace compounds were mono- and sesquiterpenes. 
The concentration of the monoterpenes ranged from 1 ppb (α-pinene and  
m-cymene) to 10 ppb (2-carene and β-phellandrene) and the sesquiterpene with 
the highest concentration was β-caryophyllene (0.03 ppb). The day-night 
emission pattern of mono- and sesquiterpenes was dropping continuous with 
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exception of the sesquiterpene α-copaene. We assume this compound is induced 
by light.  
Although in vitro culture of shoots allows many factors to be controlled and 
uniform, variations (up to 40%) could not be avoided. 
 
In Chapter 5 tomato shoots were artificially stressed. Apolar mono- and 
sesquiterpenes were detected immediately in higher concentrations after 
mechanical wounding but their emission dropped quickly to the original levels 
when wounding stopped. Also polar C6 volatiles (hexanal, cis-3-hexenol and  
cis-3-hexenal) were detected during and after wounding but these compounds 
could not be detected anymore one day after wounding.  
Continuous light as stress factor induced constant emission of the sesquiterpene 
α-copaene. This behavior was not detected with any other sesquiterpene or with 
a monoterpene. 
 
Jasmonic acid (JA) and methyl jasmonaat (MeJA), two stress related compounds 
were supplied to tomato shoots in Chapter 6. Exogenous supplied JA (to leaves 
or roots) did not induce the emission of volatiles except for a small increase of 
monoterpenes. Maybe the concentration of JA was too low or the sampling 
method with SPME was not sensitive enough to detect induced compounds.  
MeJA was not supplied direct onto the shoot but vaporized in the headspace and 
then taken up by the tomato shoots. The monoterpenes were emitted in a dose-
dependent manner when MeJA was supplied and had a long term effect. The 
sesquiterpene emission was not influenced by MeJA except for α-copaene 
which was also induced in a dose-dependent manner but only for a short period. 
 
In Chapter 7 Spodoptera littoralis caterpillars wounded the in vitro grown 
tomato plants. Immediately after the insects were introduced, all constitutive 
compounds, with exception of α-copaene, were emitted higher and a fluctuating 
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emission pattern was observed. The induced compounds (linalool, indole,  
cis-jasmone, β-cyclocitral and methyl salicylate) were emitted approximately 
one day after the introduction of the insects. 
 
Preliminary experiments with in vitro grown poplar plants were initiated in 
Chapter 8. The organic volatiles produced by undamaged poplar shoots were 
limited and no clear emission pattern could be found. 
The supply of MeJA did not induce a higher emission of the compounds 
constitutively present in the headspace but MeJA induced the emission of the 
monoterpene β-ocimene and 2 other unidentified monoterpenes in a dose-
dependent manner. 
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Samenvatting 
 
Planten emitteren vluchtige verbindingen. Deze vormen dan ook een belangrijk 
onderzoeksdomein voor ecologische biochemie, fytochemie, plantpathologie, 
insectecologie, voedings- en parfumchemie.  
Het doel was de vluchtige verbindingen geëmitteerd door planten te 
onderzoeken. Bij de studie van vluchtige verbindingen, worden de analytische 
aspecten dikwijls niet geëvalueerd alhoewel betrouwbare analytische technieken 
nodig zijn om accurate analyses in de kopruimte uit te voeren. Daarom werkten 
we samen met de Vakgroep Organische Chemie (Faculteit Wetenschappen). 
Gedurende de eerste 2 jaar van dit onderzoek ontwikkelden we een definitieve 
bemonsteringseenheid (FSU) waarin zowel de polaire als apolaire vluchtige 
verbindingen op niet destructieve wijze konden gedetecteerd worden in de 
kopruimte; de FSU was tevens ideaal voor in vitro cultuur van planten 
(Hoofdstuk 3.).  
Vaste fase micro-extractie (SPME) werd gebruikt voor alle statische proeven. 
Voor de automatische bemonstering werd gebruik gemaakt van technieken 
ontwikkeld in de Vakgroep Organische Chemie (Faculteit Wetenschappen). 
We gebruikten de in vitro techniek omdat deze toelaat onder meer 
gecontroleerde omstandigheden (temperatuur, lichtintensiteit, fotoperiode, 
relatieve vochtigheid, bemonsteringseenheid, monoklonale scheuten en 
cultuurmedium) te werken.  
 
De vluchtige verbindingen geproduceerd door niet gestresseerde in vitro 
tomatenplanten werd bestudeerd in Hoofdstuk 4. De belangrijkste componenten 
gevonden in de kopruimte waren mono- en sesquiterpenen. De concentratie van 
de monoterpenen varieerde van 1 ppb (α-pineen and m-cymeen) tot 10 ppb  
(2-careen and β-fellandreen) en het sesquiterpeen met de hoogste concentratie 
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was β-caryofylleen (0.03 ppb). Het dag/nacht emissiepatroon van de mono- en 
sesquiterpenen nam continu af, met uitzondering van het sesquiterpeen  
α-copaeen, dat accumuleerde gedurende de dag. We veronderstellen dat deze 
component geïnduceerd wordt door licht. 
Alhoewel de in vitro cultuur van planten het toelaat van vele factoren te 
controleren en te uniformiseren, konden variaties (tot 40%) niet vermeden 
worden. 
 
In Hoofdstuk 5 werden de tomatenscheuten artificieel verwond. Hogere 
concentraties apolaire mono- en sesquiterpenen werden gedetecteerd 
onmiddellijk na de verwonding. Wanneer de verwonding stopte, nam de emissie 
snel af tot het niveau van niet gestresseerde tomatenplanten. Ook polaire 
verbindingen (hexanal, cis-3-hexenol en cis-3-hexenal) werden gedetecteerd 
tijdens en na verwonding, maar deze verbindingen konden niet meer 
gedetecteerd worden 1 dag na de verwonding. 
Tomatenplanten onder continu licht induceerden de emissie van het 
sesquiterpeen α-copaeen. Dit werd niet gedetecteerd bij een ander sesquiterpeen 
of bij een monoterpeen. 
 
Jasmijnzuur (JA) en methyl jasmonaat (MeJA), twee componenten die in 
verband worden gebracht met stress, werden toegevoegd aan de tomatenplanten 
in Hoofdstuk 6. Exogeen toegevoegd JA (aan bladeren en wortels) induceerde 
geen emissie van vluchtige verbindingen met uitzondering van een slechts 
geringe stijging van de monoterpenen. Mogelijke verklaringen zijn een te lage 
concentratie aan JA, of de gebruikte detectiemethode (SPME) is niet gevoelig 
genoeg om geïnduceerde verbindingen te detecteren. 
MeJA werd niet toegevoegd door middel van sproeien op de scheut, de 
verbinding verdampte in de gasfase om vervolgens opgenomen te worden door 
de tomatenscheut. De emissie van monoterpenen na opname van MeJA was 
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dosisafhankelijk en het had een langdurig effect op de emissie door planten. De 
emissie van de sesquiterpenen werd niet beïnvloed door de opname van MeJA 
met uitzondering van α-copaeen, dat kortstondig geïnduceerd werd. 
 
In Hoofdstuk 7 werden de tomatenplanten verwond door Spodoptera littoralis 
rupsen. Onmiddellijk nadat de insecten op de planten geplaatst werden, 
vertoonden alle constitutief aanwezige verbindingen, met uitzondering van  
α-copaeen, een hogere emissie en een fluctuerend patroon gedurende de 
verwondingperiode. De geïnduceerde verbindingen (linalool, indool, cis-
jasmoon, β-cyclocitral en methyl salicylaat) werden ongeveer 1 dag na de start 
van de verwonding geëmitteerd. 
 
Voorbereidende experimenten met in vitro populieren werden geïnitieerd in 
Hoofdstuk 8. De organische verbindingen geëmitteerd door niet gestresseerde 
populierenscheuten waren erg beperkt en geen duidelijk emissiepatroon kon 
worden waargenomen. 
Het toevoegen van MeJA resulteerde niet in een hogere emissie van de 
componenten die constitutief aanwezig waren in de gasfase, maar MeJA 
induceerde wel een dosisafhankelijke emissie van het monoterpeen β-ocimeen 
en 2 andere niet geïdentificeerde monoterpenen. 
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Terminology 
 
Allomones: volatiles beneficial to its producer and detrimental to its recipient 
 
Apneumones: volatiles released from non-living sources 
 
Constitutive volatiles: volatiles identified by their almost immediate higher 
release after physical damage at a rate correlated with the amount of damage, by 
their relatively constant release over time and by their rapid decline after feeding 
ceases 
 
Dynamic sampling: headspace compounds from a constant flow of 50 mL/min 
were sorbed on PDMS material, the compounds were enriched during the 
sampling period 
 
Headspace: the atmosphere directly surrounding the plant 
 
Induced volatiles: volatiles emitted with a delay between the time feeding starts 
and the release of volatiles 
 
In vitro technique: technique which allows aseptic (avoid contamination by 
micro-organisms) culture of plants in a well-defined culture container on a well-
defined culture medium under controlled environmental conditions 
 
Kairomones: volatiles detrimental to its producer and beneficial to its recipient 
 
Local induced volatiles: volatiles induced at the site of damage 
 
Micropropagation: in vitro multiplication of plants 
 
Pheromones: volatiles which exclusively mediate intra-specific communication 
among insects 
 
Semiochemicals: volatiles that influence behavior or initiate physiological 
processes in plants or animals by acting only as signals (e.g. allomones) 
 
Static sampling: the headspace is contained in a closed system without constant 
refreshment, the entire headspace is exposed to the SPME fiber for the complete 
duration of the sampling period  
 
Synomones: volatiles benefiting both the emitting plant and the perceiving 
insect  
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Systemic induced volatiles: volatiles released from undamaged parts of a 
damaged plant several hours after the damage 
 
Trichomes: highly specialized glandular secretory cells of the epidermis 
 
Tritrophic interactions: interactions between plants, herbivores and parasitoids 
(or predators or pathogens) 
 
Volatile organic compounds
 (VOCs): organic chemicals with a high vapor 
pressure (> 0.1 hPa) and which easily form vapors at normal temperature (25°C) 
and pressure (103 hPa) 
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Addendum I Chemical structure of organic compounds 
 
Monoterpenes (C10) 
α-pinene 
 
p-cymene 
 
β-pinene 
 
α-phellandrene 
 
α-terpinolene 
 
β-phellandrene 
 
α-terpinene 
 
β-ocimene  
 
γ -terpinene 
 
alloocimene 
 
β-mycrene 
 
2-carene 
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trans-isolimonene 
CH3
 
linalool  
OH
 
β-cyclocitral  CHO
 
  
 
 
Sesquiterpenes (C15) 
δ-elemene 
 
β-caryophyllene 
 
α-copaene 
 
α-humulene  
 
germacrene D 
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Other volatile compounds 
TMTT  
 
MeS  
O
OH
OMe
 
indole  
N
H
 
cis-jasmone 
O
 
guaiacol 
OH
OMe
 
MeJA 
O
COOCH3
 
DMNT 
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Non volatile compounds 
 
linolenic acid COOH
 
JA 
O
COOH
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